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Abstract

Falls are a major problem for older adults. A continuous
unobtrusive in-home monitoring system that provides an
accurate automated assessment of fall risk and detects when
falls have occurred would allow for timely intervention and
prevention allowing individual to remain healthier and
independent longer. Sensor networks have been installed in
apartments of older adult volunteers at TigerPlace, an
independent senior living community.  Initial results
comparing gait parameters captured with a Microsoft Kinect
with ground truth clinical fall risk assessments and
GAITRite data are presented.

Introduction

Falls are a common problem in older adults. One in every
three people age 65 or older falls each year, making falls
the most common cause of injuries and hospitalizations for
trauma in older adults and the leading cause of death due to
injury (Centers for Disease Control 2012). Changes in gait
parameters predict increase fall risk (Hausdorff, Ros, and
Edelberg 2001; Barak, Wagenaar, and Holt 2006) and gait
parameters are important factors in a variety of medical
conditions (Hodgins 2008). Researchers have studied falls,
fall risk assessment, and interventions to prevent falls.
However, to date, their methods require that research staff
or clinicians complete multi-factorial assessments of fall
risk and that research subjects maintain logs of falls, wear
devices that measure changes in positions that could
indicate a fall or activate an alarm when they need
assistance. A continuous unobtrusive in-home monitoring
system that provides accurate automated assessment of fall
risk and detects when falls have occurred would allow for
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timely intervention and prevention allowing individual to
remain healthier longer. Researchers at the University of
Missouri Center for Eldercare and Rehabilitation
Technology are testing sensors system in homes of older
adults to detect falls and assess fall risk.

In this paper, we examined the relationship of two
ground truth gait parameters (velocity and the functional
ambulation profile collected from the GAITRite mat) to
various fall risk measures collected by health care
professionals completing standard fall risk assessment of
elders and gait parameters computed from in-home
Microsoft Kinect data. The purpose of the research is to
automate fall risk assessment using environmentally placed
sensors in the homes of elders so that fall risk can be
measured in everyday living activities. In that way, elders
themselves can be made aware when fall risk increases and
take steps to improve physical function to avoid
devastating falls. We also want to discover potentially
more sensitive measures of fall risk, much like we have
been able to do in early illness detection (Rantz et. al,
2012) using environmentally embedded sensors. The first
steps of the research are to automatically capture gait
parameters from the sensor system to automatically assess
fall risk and compare these to standard fall risk
measurements by health care professionals. Data from the
initial steps are reported in this paper.

Sensor System and Data Collection

Sensor systems consisting of a Pulse-Doppler range control
Radar, a Microsoft Kinect, and two orthogonal web
cameras have been installed in apartments of older adults
at TigerPlace, an independent senior living community.
The sensor system has been installed in 11 apartments.
The radar is located in a box by the front door. The Kinect



is on a shelf above the front door. A web camera is located
on the longest wall of the living room and the other camera
is placed on the adjacent wall. The first system was
installed on June 9, 2011. The radar and the depth image
(an image in which the value of each pixel depends on its
distance from the camera) from the Kinect are captured
continuously because these images are not personally
identifiable. To preserve the privacy of the individuals, the
raw images from web cameras are collected only during
monthly fall risk data collection of older adult participants
that are completed by health care staff. Otherwise, web
camera data are captured in the form of extracted
silhouettes to preserve the residents’ privacy.

A total of 14 people (5 men and 9 women) are being
continuously monitored. The average age of the subjects is
85.88 (range 67-97). The monitored group includes 3
couples and the remaining participants are single. Four
people have been discharged: one person died, one moved
to a nursing home and a couple withdrew from the study
for personal reasons.

To test the sensor system, two rounds of data collection
take place each month. Each subject completes a Fall
Risk Assessment (FRA) in the apartment and a stunt actor
completes a series of falls in each of the apartments. The
FRA is comprised of six fall risk measures that are valid
and reliable: Habitual Gait Speed (HGS) (Bohannon, 1997;
Fransen, Crosbie, and Edmonds 1997), Timed Up and Go
(TUG) (Podsiadlo and Richardson 1991; Shumway-Cook,
Brauer, and Woollacott 2000), Multidimensional
Functional Reach (FR) (Newton 2001), Short Performance
Physical Battery (SPPB) (Guralnik 1994), the Berg
Balance Scale (BBS-SF) (Berg et al. 1992), and the single
leg stance (SLS) (Vellas 1997). The first FRA was
completed on June 27, 2011. Figure 1 presents the FRA
data for 3 of the 14 residents over time. As shown in
Figure 1, each of the fall risk measures fluctuate over time
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for each resident; some move in similar patterns while
others do not. Clinical experts on the team interpreted that
these are measuring different aspects of fall risk and some
have ceiling or floor effects that are impacted by different
clinical conditions of each subject.

Gait parameters of step time, step length, stride length,
and velocity were computed from the Kinect data at the
same time of the FRAs. The methods to calculate the gait
parameters are outlined in (Stone & Skubic 2011; Stone &
Skubic 2012). The gait parameters extracted from the
Kinect data were first validated against Vicon maker-based
motion capture system in the laboratory and showed good
agreement (Stone & Skubic 2011). The Kinect was then
installed in apartments at TigerPlace and gait parameters
captured and trends monitored (Stone & Skubic 2012).

GAITRite data were collected on subjects to use as
ground truth. The GAITRite portable gait analysis system
provides valid and reliable measurements in real time of
temporal and spatial parameters of gait including cadence,
step length, and velocity (www.gaitrite.com). Gait-related
predictors of fall-risk such as analysis of how the foot
strikes the surface are also quantified. The 14-foot portable
carpet with 16,128 sensors captures gait elements without
use of additional sensors. A subject walks across the mat
once and the software calculates the gait parameters, such
as velocity, and the functional ambulation profile (FAP).
The FAP is a summary score (range 0-100) that quantifies
the gait based on specific temporal and spatial gait
parameters (Nelson 1974).

Because the GAITRite and FRA data were not collected
at the same time or intervals, a 60 day window was used to
merge the data sets. If a GAITRite assessment occurred
within 60 days of the FRA, the two data points were
linked. Figures 2 and 3 illustrate the relationship of the
GAITRite and FRA Scores with the Kinect parameters.
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Fig. 2: GAITRite scores and Kinect variables over time



Figure 2 displays the GAITRite velocity and FAP scores
and Kinect derived fall risk scores of step time, step length,
stride length, and velocity. (Kinect scores are designated
by K in Figures 2 and 3.)

In Figures 2 and 3, the variables from the GAITRite and
FRA Scores parallel the Kinect variables in many cases,
therefore warranting further analyses.  An analysis
investigating the correlations between the variables in the
repeated measure design was completed.
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Fig. 3: FRA scores and Kinect (K) variables over time

Results

In Table 1, the key components of fall risk assessments
(TUG, SPPB, HGS) are correlated in the expected
direction with ground truth of the GAITRite velocity and
FAP. The common underlying movement in each of these

fall risk measures is gait velocity. In Table 2 we compare
Kinect step time, step length, stride length and velocity
with GAITRite ground truth. The two parameters with the
best relationships in the expected direction to ground truth
are step time and velocity (using the more accurate
Wolfinger method that incorporates the repeated measure
design in the estimation process) (Hamlett et al. 2003). We
will continue to explore other parameters that we can
measure with the Kinect for potential use in automating
fall risk assessment while elders go about normal everyday
living activities.

Discussion

Given the positive results of this initial investigation,
further exploration is needed. A larger dataset is needed to
confirm the results. More sophisticated algorithm using
artificial intelligence could greatly increase the accuracy of
the results and allow us to capture additional elements of
the fall risk assessments.

With additional work and refinement, the system will
automatically assess fall risk and detect falls. The system
could eventually be deployed as an early warning system
in long-term facilities, other congregate housing, and
private homes addressing a major problem for older adults
allowing them to stay healthy and independent longer.
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GAITRite Type of Functional | Berg Timed Short Single Leg Single Leg Habitual
Correlation Reach Balance | Up and Physical Stance Stance Eyes | Gait Speed
(p-value) Scale Go Performance Eyes Open Closed (10” walk
Scale time)
Velocity Pearson’s 40 (.11) .60 -.82 .84 .54 (.021) 17 (49) -.81
(cm/sec) (-0078) (<.0001) | (<.0001) (<.0001)
Wolfinger
Method 44 .66 -78 .87 .55 21 -.84
Functional Pearson’s 51.(.36) 57 -79 .64 (.0055) .56 (.019) .18 (.50) -.54 (.024)
Ambulation (.017) (.0002)
Profile Wolfinger -.62
(from 100%) Method .54 .63 -.66 .70 .56 22

Table 1: Comparison of GAITRite variables to fall risk assessments (significant results in bold)
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GAITRite Type of Kinect

Correlation

(p-value) Step Time Step Length Stride Length Velocity
Velocity Pearson’s -.62 (<.0001) .068 (.81) .79 (.0003) .068 (.81)
(cm/sec)

Wolfinger Method | -.65 A1 .06 15
Functional Pearson’s -39 (.16) .14 (.61) .66 (.007) A5 (6l)
Ambulation
Profile Wolfinger Method | -.62 42 40 .69
(from 100%)

Table 2: Comparison of GAITRite variables to gait parameters calculated from Kinect Data (significant results in bold)

References

Barak, Y., Wagenaar, R.C.; Holt, K.G. 2006. Gait
Characteristics of Elderly People with a History of Falls: A
Dynamic Approach. Physical Therapy 86(11): 1501-10.

Berg, K. O.; Wood-Dauphinee, S. L.; Williams, J. 1.; and Maki,
B. 1992. Measuring balance in the elderly: Validation of an
instrument. Canadian Journal of Public Health 83(Suppl. 2): S7-
S11.

Bohannon, R.W. 1997. Comfortable and maximum walking
speed of adults aged 20-29 years: Reference values and
determinants. Age and Ageing 26(1), 15-19.

Centers for Disease Control. (2012). Falls among older adults:
Summary of research findings. Retrieved June 18, 2012 from
http://www.cdc.gov/HomeandRecreationalSafety/Falls/adultfalls.
html

Fransen, M., Crosbie, J., and Edmonds, J. 1997. Reliability of
gait measurements in people with osteoarthritis of the knee.
Physical Therapy 77: 944-953.

Guralnik, J. M.; Simonsick, E. M.; Ferrucci, L.; Glynn, R. J.;
Berkman, L. F.; Blazer, D. G.; Scherr, P.A.; and Wallace, R.B.
1994. A short physical performance battery assessing lower
extremity function: association with self-reported disability and
prediction of mortality and nursing home admission. Journal of
Gerontology 49(2): M85-94.

Hamlett, A.; Ryan, L.; Serrano-Trespalacios, P.; and Wolfinger,
R. 2003. Mixed Models for Assessing Correlation in the Presence
of Replication.  Journal of Air and Waste Management
Association, 53: 442-450.

Hausdorff, J.M; Ros, D.A.; and Edelberg, H.K. 2001. Gait
Variability and Fall Risk in Community-Living Older Adults: A
1-Year Prospective Study. Archives of Physical Medicine and
Rehabilitation 82: 1050-1056.

Hodgins, D. 2008. The Importance of Measuring Human Gait.
Medical Device Technology, 19: 42-47.

Nelson, A.J. 1974. Functional Ambulation Profile, Physical
Therapy, 54(10, 1059-1065.

Newton, R.A. 2001. Validity of the MultiDirectionl Reach Test:
A practical measure for limits of stability in older adults. Journal
of Gerontology, 56(A4): M248-252.

Podsiadlo, D., & Richardson, S. 1991. The timed “up & go™: A
test of basic functional mobility for frail elderly persons. Journal
of the American Geriatrics Society, 39: 142-148.

25

Rantz, M.J.; Skubic, M.; Koopman, R.J.; Alexander, G.; Phillips,
L.; Musterman, K.I.; Back, J.R.; Aud, M.A.; Galambos, C.;
Guevara, R.D.; and Miller, S.J. 2012. Automated technology to
speed recognition of signs of illness in older adults. Journal of
Gerontological Nursing, 38(4): 18-23.

Shumway-Cook, A.; Brauer, S.; and Woollacott, M. 2000.
Predicting the probability for falls in community-dwelling older
adults using the timed up & go test. Physical Therapy 80(9): 896-
903.

Stone, E. and Skubic, M. 2011. Evaluation of an Inexpensive
Depth Camera for In-Home Gait Assessment. Journal of Ambient
Intelligence and Smart Environments 3(4): 349-361.

Stone, E. and Skubic, M. 2012. Capturing Habitual, In-Home
Gait Parameter Trends Using and Inexpensive Depth Camera.
34™ Annual International Conference on the IEEE Engineering in
Medicine and Biology Society, San Diego, CA, August 28-
September 1, 2012.

Vellas B.J.; Wayne, S.; Romero L; Baumgartner, R.N.;
Rubenstein, L.Z.; and Garry, P.L. 1997. One-leg balance is an
important predictor of injurious falls in older persons. Journal of
American Geriatric Society 45:735-738.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




