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INTRODUCTION 
 
Dynamic stability is commonly defined as the 
ability to maintain balance during locomotion. 
Hof (2005) introduced a dynamic stability 
margin (DSM) based on how the center of 
mass (COM) moves relative to the base of 
support. Unilateral trans-femoral amputees 
exhibited larger DSMs on their involved 
sides. These also increased at faster walking 
speeds (Hof 2007). This finding seems coun-
terintuitive and suggests that amputees adopt 
larger DSMs to compensate for an increased 
sensitivity to perturbations (either real or per-
ceived). DSMs have not been assessed when 
walking stability has been overtly challenged. 
 
Patients with locomotor impairments are es-
pecially challenged when walking over un-
even or unstable surfaces (Richardson 2004). 
To date, however, these studies have not yet 
controlled for walking speed. This study de-
termined how both walking speed and an un-
even surface affected DSMs in adults with 
unilateral trans-tibial amputation (TTA). We 
hypothesized that DSMs would increase on 
the involved side at faster walking speeds and 
would also increase more on the involved 
limb when walking over loose gravel.  
 
METHODS AND PROCEDURES  
 
Five male military service members (27.6 ± 
5.4 yrs) volunteered to participate with writ-
ten informed consent (Table 1). All patients 
had unilateral TTA. These were due to blast 
related injuries in 3 patients, gunshot wounds 

in 1 patient, and a motorcycle accident in 1 
patient. Prosthetic devices varied for subjects 
based on individual needs. 
 
Patients walked at 3 height-adjusted speeds 
over both a level walkway and a loose gravel 
surface. All subjects completed 6-10 trials 
over each surface at each speed. Full body 
kinematics were recorded during each trial 
using 55 markers and a 19 camera Motion 
Analysis system. A 15-segment model was 
used to estimate whole body COM motions.   
 
Frontal plane DSMs were defined as the 
minimum perpendicular distance between the 
velocity adjusted COM vertical projection and 
the lateral borders (5th metatarsal head) of the 
forward supporting foot (Hof 2005). In the-
ory, larger DSMs should reflect a safer (i.e., 
more stable) gait pattern (Hof 2005). Mini-
mum DSM values during the stride were ex-
tracted for statistical analyses. A three factor 
ANOVA was used to determine differences 
between limbs, speeds, and surfaces.   
 
RESULTS 
 
DSMs exhibited minima shortly after heel 
strike (Fig. 1), as in Hof (2005, 2007). Mini-
mum DSMs (Fig. 2) were significantly larger 
when patients walked on the gravel surface 
compared to level ground (p = 0.037). There 
was a trend for DSMs to increase slightly at 
faster walking speeds (p = 0.097). There were 
no significant differences between involved 
and uninvolved limbs (p = 0.321). There were 
no significant interaction effects. 



There were occasional individual subject tri-
als over the loose gravel where the DSMs 
were only a few millimeters.  During these 
trials, some subjects exhibited stumbling re-
sponses, including occasional cross-over 
stepping.  However, the DSMs never became 
negative and no subject experienced a fall.  
 

Subject 
- 

Limb* 

Age  
(yr) 

Ht 
(m) 

Wt 
(kg) 

Time in 
Prosthesis 

(wk) 
1 - L 26 1.80 67.50 8 
2 - R 19 1.72 63.18 17 
3 - L 32 1.86 83.86 120 
4 - L 29 1.75 75.50 8 
5 - R 32 1.76 77.27 21 

 
Table 1. Demographic data for patients with 
trans-tibial amputation. *The prosthesis limb. 
 
DISCUSSION 
 
Patients adapted to the unstable loose gravel 
surface by increasing their DSMs. This pro-
vides additional evidence that these DSMs 
reflect how patients compensate to maintain 
balance when their stability is challenged. 
This directly extends recent results presented 
in trans-femoral amputees (Hof 2007). How-
ever, it is not yet known if these changes in 
DSM directly predict changes in fall risk. 
 
The lack of differences between intact and 
prosthetic limbs in these TTA patients con-
trasts with previous results obtained in trans-
femoral patients (Hof 2007). This was likely 
due either to differences in level of amputa-
tion, activity/fitness level, or both. That the 
TTA patients in this study achieved relatively 
symmetric gait patterns and DSMs supports 
the idea that amputees do not have to sacrifice 
symmetry to achieve sufficient stability. 
 
Further research needs to determine how 
these DSMs are related to actual fall risk and 
how gait symmetry, stability, and fall risk are 
inter-related in both trans-tibial and trans-

femoral amputees. The present findings nev-
ertheless provide important insights into how 
TTA patients adapt their gait patterns to chal-
lenging walking environments.  
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Figure 1.  DSMs for the involved limb of a 
typical subject while walking over level 
ground (OG) and loose gravel (RO).  
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Figure 2.  Box plots of DSMs.  Dots are indi-
vidual means, diamonds are group means.  
OG=overground (level), RO=rocks (gravel).  
 
REFERENCES 
 
Hof, A. L., M. G. Gazendam, et al. (2005). J 

Biomech 38(1): 1-8. 
Hof, A. L., R. M. van Bockel, et al. (2007).  

Gait Posture 25(2): 250-8. 
Richardson, J. K., S. B. Thies, et al. (2004).  J 

Am Geriatr Soc 52(9): 1532-7. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /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 /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -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
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /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
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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 ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


