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Osteoarthritis	  in	  Amputees:	  A	  Double	  Whammy?	  

Prevalence	  of	  Osteoarthritis	  in	  Amputees	  

Currently,	  1.7	  million	  individuals	  in	  the	  United	  States	  have	  had	  an	  amputation	  with	  

another	  185,000	  occurring	  each	  year.	  1,2	  Lower	  extremity	  amputees	  face	  a	  number	  of	  

musculoskeletal	  issues	  secondary	  to	  amputation	  that	  can	  increase	  disability.	  Osteoarthritis	  

is	  common	  musculoskeletal	  issue	  that	  arises	  in	  lower	  extremity	  amputees	  with	  long-‐term	  

prosthetic	  use.	  3	  Vincent	  et	  al	  report,	  “osteoarthritis	  (OA)	  is	  the	  most	  frequent	  cause	  of	  

disability	  in	  the	  United	  States.”	  4	  Studies	  show	  osteoarthritis	  is	  more	  prevalent	  in	  lower	  

extremity	  amputees	  than	  the	  general	  population.	  5-‐7	  Such	  limitations	  often	  lead	  to	  poor	  

mobility	  and	  in	  turn	  decreased	  participation	  and	  quality	  of	  life.	  8	  	  

Osteoarthritis	  (OA),	  a	  common	  condition	  with	  aging,	  is	  a	  chronic	  degeneration	  of	  

articular	  cartilage	  and	  periarticular	  bone	  remodeling	  that	  causes	  joint	  pain	  and	  stiffness	  

and	  results	  in	  functional	  impairment.	  8	  Morgenroth	  et	  al	  state,	  “the	  etiology	  of	  OA	  is	  thought	  

to	  be	  multifactorial:	  a	  combination	  of	  potentially	  modifiable	  factors	  related	  to	  abnormal	  

joint	  mechanics,	  superimposed	  on	  underlying	  risk	  factors	  including	  age,	  gender,	  

race/ethnicity,	  and	  other	  specific	  genetic	  factors.”	  8	  Amputees	  are	  more	  likely	  to	  have	  OA	  in	  

their	  intact	  limb	  compared	  to	  the	  amputated	  limb	  and	  transfemoral	  amputees	  are	  at	  a	  

greater	  risk	  than	  transtibial	  amputees.	  8,9	  Struyf	  et	  al	  determined	  knee	  and	  hip	  OA	  was	  

more	  prevalent	  in	  the	  intact	  limb	  of	  amputees	  than	  in	  the	  general	  population.	  5	  The	  

prevalence	  of	  knee	  OA	  in	  amputees	  was	  reported	  to	  be	  28.3%	  for	  men	  and	  22.2%	  for	  

women	  whereas	  the	  prevalence	  in	  able-‐bodied	  men	  was	  1.58%	  and	  1.33%	  for	  women.	  The	  

prevalence	  of	  hip	  OA	  was	  also	  greater	  in	  male	  and	  female	  amputees,	  15.3%	  and	  11.1%	  

respectively,	  compared	  to	  1.13%	  of	  able-‐bodied	  men	  and	  0.98%	  of	  able-‐bodied	  women.	  5	  	  
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Contributors	  to	  OA	  in	  Amputees	  

Amputees	  are	  at	  a	  greater	  risk	  for	  developing	  OA	  from	  altered	  gait	  mechanics	  with	  

prosthetic	  use.	  A	  majority	  of	  amputees	  who	  use	  prostheses	  for	  ambulation	  do	  so	  with	  at	  

least	  one	  gait	  deviation,	  either	  from	  poor	  prosthetic	  fit,	  poor	  gait	  training,	  or	  bad	  habits.	  3	  

Amputees	  often	  ambulate	  with	  an	  increased	  demand	  on	  the	  intact	  limb	  from	  temporal	  

asymmetries,	  asymmetrical	  muscle	  activity,	  and	  increased	  joint	  loading	  with	  

compensations,	  all	  of	  which	  can	  result	  in	  degenerative	  changes	  at	  the	  hip	  and/or	  knee.	  

Temporal	  Asymmetries	  

Numerous	  studies	  have	  shown	  that	  amputees	  have	  greater	  stance	  time	  and	  shorter	  

swing	  time	  of	  their	  intact	  limb.	  3,10-‐12	  Sanderson	  et	  al	  reported	  amputees	  had	  statistically	  

greater	  stance	  times	  at	  1.2	  m/s	  and	  1.6	  m/s	  on	  the	  intact	  limb	  (798ms	  and	  667ms)	  

compared	  to	  the	  prosthetic	  limb	  (758ms	  and	  624	  ms).	  10	  Further,	  at	  both	  1.2	  m/s	  and	  1.6	  

m/s,	  the	  intact	  limb	  had	  shorter	  swing	  times	  (427	  ms	  and	  394ms)	  compared	  to	  the	  

prosthetic	  limb	  (468	  ms	  and	  410	  ms).	  10	  When	  compared	  to	  able-‐bodied	  subjects,	  amputees	  

had	  greater	  stance	  and	  shorter	  swing	  times	  on	  the	  intact	  limb	  indicating	  asymmetries	  and	  a	  

greater	  demand	  on	  the	  intact	  limb	  than	  in	  normal	  walking.	  10	  Dingwell	  et	  al	  also	  reported	  

significant	  differences	  in	  temporal	  asymmetries	  between	  amputees	  and	  able-‐bodied	  

subjects	  with	  percent	  stance	  time,	  push	  off,	  and	  single	  support	  time	  being	  4.6	  times	  greater	  

for	  amputees	  compared	  to	  able-‐bodied	  subjects.	  (Figures	  1	  and	  2)	  11	  Kovac	  et	  al	  also	  

reported	  significant	  differences	  when	  comparing	  amputee	  gait	  to	  able-‐bodied	  gait	  with	  

amputees’	  prosthetic	  limb	  having	  increased	  swing	  time	  and	  decrease	  stance	  time.	  12	  	  

Sixty-‐four	  percent	  of	  amputees	  report	  more	  dependence	  on	  their	  intact	  lower	  

extremity	  than	  amputated	  extremity	  during	  activities.	  3	  This	  is,	  in	  part,	  shown	  by	  the	  
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increase	  in	  stance	  time	  on	  the	  intact	  lower	  extremity.	  With	  an	  increase	  in	  time	  spent	  on	  the	  

intact	  limb	  comes	  an	  increase	  in	  demand	  to	  the	  hip	  and	  knee	  on	  that	  side.	  Burke	  et	  al	  

determined	  the	  increase	  in	  stance	  time	  seen	  in	  the	  intact	  limb	  could	  be	  one	  contributor	  to	  

an	  increase	  in	  prevalence	  of	  hip	  and	  knee	  OA	  in	  lower	  extremity	  amputees.	  6	  	  

Strength	  Asymmetries	  

Amputees’	  preference	  of	  the	  intact	  limb	  over	  the	  prosthetic	  limb	  further	  exacerbates	  

articular	  cartilage	  degeneration	  through	  muscle	  strength	  asymmetries.	  Amputees	  

commonly	  have	  atrophy	  of	  muscles	  on	  the	  residual	  limb	  side	  and	  hypertrophy	  of	  muscles	  

on	  the	  intact	  side	  from	  increased	  use	  of	  the	  intact	  limb	  and	  lack	  of	  use	  in	  the	  prosthetic	  

limb.	  13	  An	  increase	  in	  muscle	  activity	  on	  the	  intact	  limb	  will	  increase	  the	  contact	  force	  and	  

pressure	  at	  the	  joints	  of	  intact	  limb,	  contributing	  to	  OA.	  The	  increase	  in	  intact	  limb	  

dependence	  could	  be	  attributed	  to	  lack	  of	  confidence	  in	  the	  prosthesis	  or	  decreased	  

proprioception	  in	  the	  residual	  limb.	  14	  Isakov	  et	  al	  report	  statistically	  significant	  differences	  

were	  seen	  in	  hamstring	  and	  quadriceps	  strength	  measured	  concentrically,	  eccentrically,	  

and	  isometrically	  with	  the	  intact	  limb	  being	  significantly	  stronger.	  15	  Nadollek	  et	  al	  found	  a	  

correlation	  between	  increased	  weight	  bearing	  on	  the	  residual	  limb	  and	  stronger	  hip	  

abductors	  indicating	  improved	  strength	  symmetry	  for	  improved	  stance	  symmetry.	  14	  Lloyd	  

et	  al	  also	  examined	  strength	  asymmetry	  for	  correlations.	  13	  Knee	  external	  adduction	  

moment	  loading	  rate	  (KEAMlr)	  strongly	  correlated	  with	  knee	  extension	  symmetry	  angle	  

and	  a	  moderately	  with	  knee	  flexion	  symmetry	  angle.	  13	  A	  strong	  correlation	  was	  also	  found	  

between	  knee	  flexion	  symmetry	  angle	  and	  the	  ground	  reaction	  force-‐loading	  rate	  of	  the	  

intact	  limb.	  13	  Lloyd	  et	  al	  found	  strength	  asymmetries	  and	  determined	  they	  contributed	  to	  

OA	  through	  asymmetrical	  loading	  rates	  taxing	  the	  intact	  limb.	  (Figure	  3)13	  
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In	  another	  study,	  Sadeghi	  et	  al	  discuss	  the	  intact	  limb’s	  role	  in	  gait	  compensations.	  16	  

The	  research	  group	  determined	  that	  amputees	  ambulate	  with	  significantly	  higher	  power	  

bursts	  of	  the	  hip	  musculature	  on	  the	  intact	  limb	  at	  midstance	  and	  push	  off.	  16	  Further,	  an	  

increase	  in	  hip	  extension	  was	  seen	  at	  heel	  contact.	  Sadeghi	  et	  al	  explained	  this	  as	  a	  

compensation	  for	  the	  absence	  of	  ankle	  plantarflexion	  and	  forefoot	  movement	  at	  push	  off	  in	  

that	  the	  hip	  extensors	  on	  the	  intact	  limb	  are	  propelling	  the	  body	  forward	  from	  behind	  as	  

well	  as	  for	  trunk	  control.	  16	  At	  push	  off,	  the	  intact	  limb	  demonstrated	  increased	  

plantarflexion	  activity,	  decreased	  hip	  flexion	  activity	  and	  increased	  knee	  extension	  activity.	  

16	  During	  double	  support,	  heel	  contact	  of	  the	  intact	  limb	  occurs	  while	  the	  dorsiflexors	  and	  

knee	  extensors	  are	  acting	  as	  shock	  absorbers	  during	  the	  transfer	  of	  body	  weight	  while	  the	  

hip	  extensors	  are	  providing	  the	  force	  to	  propel	  the	  body.	  16	  Lloyd	  et	  al	  discuss	  this	  gait	  

pattern	  stating,	  “the	  intact	  limb	  must	  produce	  the	  force	  necessary	  to	  propel	  the	  body	  over	  

the	  prosthetic	  limb,	  and	  absorb	  the	  impact	  as	  the	  center	  of	  gravity	  falls	  back	  down...this	  

‘moment	  avoidance’	  gait	  strategy	  therefore	  results	  in	  increased	  load	  rates	  and	  muscular	  

demands	  on	  the	  intact	  limb,	  while	  sparing	  the	  prosthetic	  side	  limb.”	  13	  Protecting	  the	  

residual	  limb	  from	  large	  moments	  results	  in	  high	  internal	  and	  external	  moments	  in	  the	  

intact	  limb.	  	  Lloyd	  et	  al	  conclude,	  “large	  strength	  discrepancies	  between	  sides	  may	  

therefore	  be	  related	  to	  decreased	  function	  of	  the	  prosthetic	  side	  limb,	  asymmetrical	  limb	  

loading	  and	  an	  increased	  OA	  risk	  in	  the	  intact	  limb.”13	  

Abnormal	  Joint	  Loading	  

External	  knee	  adduction	  moments	  and	  internal	  knee	  abduction	  moments	  have	  been	  

shown	  to	  correlate	  with	  severity	  of	  OA	  in	  abnormal	  joint	  loading.	  8,17	  In	  normal	  ambulation,	  

the	  ground	  reaction	  force	  lies	  medially	  to	  the	  knee	  joint	  axis	  creating	  an	  external	  adduction	  
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moment.	  An	  internal	  abduction	  moment	  is	  needed	  to	  counter	  the	  external	  adduction	  

moment	  for	  successful	  stance.	  8	  Consequently,	  an	  increase	  in	  external	  adduction	  moment	  

from	  poor	  prosthetic	  alignment	  or	  gait	  deviations	  results	  in	  an	  increase	  in	  internal	  

abduction	  moment	  from	  the	  musculature,	  which	  in	  turn	  increases	  joint	  compression	  of	  the	  

intact	  limb.	  8	  Norvel	  et	  al	  state,	  “the	  gait	  abnormalities	  exhibited	  by	  amputees	  with	  a	  

prosthesis	  may	  result	  in	  abnormal	  joint	  loading	  that,	  over	  time,	  may	  lead	  to	  joint	  pain	  and	  

degeneration”	  in	  the	  intact	  limb9	  	  

Royer	  et	  al	  examined	  hip	  and	  knee	  frontal	  plane	  moments	  in	  amputees	  as	  it	  has	  

been	  shown	  to	  relate	  to	  OA	  in	  able-‐bodied	  subjects.	  A	  significant	  difference	  between	  the	  

peak	  internal	  abduction	  moment	  of	  the	  intact	  limb	  and	  residual	  limb	  was	  seen	  for	  both	  the	  

hip	  and	  knee.	  The	  intact	  internal	  knee	  abduction	  moment	  was	  0.55	  ±	  0.18	  N	  m/kg	  whereas	  

the	  prosthetic	  side	  was	  0.38	  ±	  0.22	  N	  m/kg	  (p=0.028).	  17	  The	  intact	  internal	  hip	  abduction	  

moment	  was	  0.88	  ±	  0.22N	  m/kg	  on	  the	  intact	  limb	  and	  0.63	  ±	  0.19	  N	  m/kg	  on	  the	  

prosthetic	  side	  (p=0.01).	  (Figure	  5)	  17	  The	  internal	  knee	  and	  hip	  abduction	  moments	  were	  

46%	  and	  39%	  greater,	  respectively,	  than	  the	  prosthetic	  side	  and	  17%	  and	  6%	  greater,	  

respectively,	  than	  normal	  values.	  17	  Further,	  the	  prosthetic	  side	  had	  23%	  smaller	  internal	  

knee	  abduction	  moment	  and	  31%	  smaller	  internal	  hip	  abduction	  moment	  compared	  to	  

normal	  values.	  17	  Greater	  moments	  in	  the	  intact	  limb	  compared	  to	  the	  prosthetic	  limb	  and	  

normal	  values	  indicate	  a	  greater	  risk	  of	  joint	  degeneration	  in	  both	  the	  knee	  and	  hip	  with	  

the	  knee	  being	  at	  a	  greater	  risk	  than	  the	  hip.	  

Residual	  Limb	  Length	  and	  Amputation	  Level	  

The	  length	  of	  the	  residual	  limb	  or	  amputation	  level	  contributes	  to	  osteoarthritis	  in	  

the	  intact	  limb	  through	  associated	  gait	  deviations.	  Studies	  show	  a	  shorter	  residual	  limb	  is	  
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associated	  increased	  pelvis	  and	  trunk	  excursions.	  18,19	  Further,	  differences	  in	  joint	  moments	  

and	  power	  generation	  with	  gait	  are	  seen	  between	  transtibial	  and	  transfemoral	  amputees	  

when	  compared	  to	  able-‐bodied	  subjects.	  20	  	  	  

Bell	  et	  al	  compared	  the	  gait	  of	  amputees	  with	  short	  residual	  limbs	  (21%	  to	  56%	  of	  

the	  intact	  limb	  length)	  to	  long	  residual	  limbs	  (57%	  to	  77%	  of	  the	  intact	  limb	  length).	  	  18	  The	  

research	  group	  reported	  statistical	  significance	  in	  gait	  speed,	  differences	  at	  the	  trunk,	  

differences	  at	  the	  pelvis,	  and	  prosthetic	  abduction.	  18	  Amputees	  in	  the	  short	  residual	  group	  

ambulated	  at	  a	  slower	  self-‐selected	  gait	  speed	  compared	  to	  the	  long	  residual	  limb	  group,	  

1.22	  ±	  0.1	  m/s	  and	  1.37	  ±	  0.13	  m/s	  respectively	  (p	  =	  0.004).	  18	  Differences	  seen	  at	  the	  trunk	  

include	  forward	  trunk	  flexion	  and	  lateral	  trunk	  flexion.	  Amputees	  in	  the	  short	  residual	  

group	  had	  greater	  forward	  trunk	  flexion	  of	  6.7°	  ±	  1.85°	  whereas	  the	  long	  residual	  limb	  

group	  had	  4.3°±0.99°	  of	  trunk	  flexion,	  a	  difference	  of	  2.3°	  (p=	  0.003).	  18	  Lateral	  flexion	  was	  

also	  significantly	  greater	  in	  the	  short	  residual	  limb	  group,	  9.8°	  ±	  1.74°	  compared	  to	  6.7°	  ±	  

1.96°,	  a	  3.6°	  difference	  (p=0.001).	  18	  Differences	  at	  the	  pelvis	  include	  pelvic	  tilt	  and	  pelvic	  

obliquity.	  The	  short	  residual	  group	  ambulated	  with	  11.8°	  ±2	  .47°	  of	  pelvic	  tilt	  and	  9.8°	  ±	  

3.36°	  or	  pelvic	  obliquity	  compared	  to	  8.2°	  ±	  2.14°	  or	  pelvic	  tilt	  and	  6.9°	  ±	  1.60°	  of	  pelvic	  

obliquity	  in	  the	  long	  residual	  group,	  a	  difference	  of	  3.6°	  for	  pelvic	  tilt	  and	  2.9°	  of	  pelvic	  

obliquity.	  18	  Baum	  et	  al	  also	  reported	  a	  significant	  correlation	  between	  residual	  limb	  ratio	  

and	  pelvic	  tilt	  excursion	  (R2=0.465).	  19	  Bell	  et	  al	  report	  these	  differences	  are	  due	  to	  loss	  of	  

hip	  stabilization,	  indicating	  strength	  training	  of	  the	  hip	  musculature.	  Further,	  a	  significant	  

difference	  was	  seen	  in	  hip	  abduction	  of	  the	  prosthetic	  limb	  with	  hip	  abduction	  in	  shorter	  

residual	  limbs	  being	  9.7°	  ±	  3.46°	  compared	  to	  7.1°	  ±	  2.64°	  in	  the	  long	  residual	  limb	  group.	  
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The	  results	  of	  this	  study	  indicate	  decrease	  musculature	  and	  lever	  arm	  secondary	  to	  shorter	  

residual	  limb	  length	  causes	  gait	  deviations	  in	  temporospatial	  and	  kinematic	  outcomes.18	  

Nolan	  et	  al	  examined	  compensations	  of	  the	  intact	  limb	  with	  net	  joint	  moments	  and	  

power	  output	  in	  transfemoral	  and	  transtibial	  amputees	  compared	  to	  able-‐bodied	  subjects	  

at	  a	  gait	  speed	  of	  1.2m/s	  ±	  3%.20	  Compensations	  seen	  include	  increased	  ankle	  range	  of	  

motion,	  increased	  knee	  and	  hip	  extensor	  moments,	  increased	  knee	  power	  output,	  and	  

increase	  hip	  power	  absorption	  at	  weight	  acceptance.	  20	  Increased	  knee	  extensor	  and	  hip	  

flexor	  moment,	  knee	  power	  absorption	  and	  hip	  power	  output	  compensations	  were	  seen	  at	  

push	  off.	  20	  The	  transtibial	  amputees	  had	  significantly	  greater	  peak	  maximal	  knee	  extensor	  

and	  hip	  flexor	  moments	  and	  peak	  knee	  and	  hip	  power	  output	  in	  the	  intact	  limb	  compared	  

to	  their	  able-‐bodied	  counterparts.20	  The	  transfemoral	  group	  had	  significantly	  greater	  peak	  

ankle	  dorsiflexion	  moments,	  peak	  knee	  and	  hip	  extensor	  moments,	  and	  peak	  power	  output	  

at	  the	  knee.	  They	  also	  had	  greater	  peak	  power	  at	  the	  hip	  but	  it	  was	  not	  significant.	  (Table	  1,	  

2)	  20	  These	  gait	  deviations,	  increases	  in	  power	  output	  over	  the	  intact	  limb	  and	  joint	  

moments	  contribute	  to	  joint	  degradation	  through	  increased	  demands	  via	  contact	  force	  and	  

contact	  area.	  	  

Prosthetic	  Components	  

Prostheses	  components	  also	  contribute	  to	  OA	  in	  that	  different	  types	  work	  to	  

decrease	  the	  load	  through	  the	  intact	  limb.	  Morgenroth	  et	  al,	  Grabowski	  et	  al,	  and	  Hill	  et	  al	  

examined	  the	  effects	  of	  prosthetic	  foot	  type	  on	  the	  loading	  of	  the	  intact	  limb.	  21-‐23	  An	  

increase	  in	  loading	  of	  the	  intact	  limb	  results	  from	  a	  decrease	  in	  push	  off	  of	  the	  prosthetic	  

limb,	  thus	  improving	  the	  push	  off	  in	  the	  prosthetic	  limb	  will	  decrease	  forces	  through	  the	  

intact	  limb	  during	  the	  double	  support	  phase.21	  Morgenroth	  et	  al	  explain,	  “if	  the	  trailing	  
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prosthetic	  limb	  produces	  a	  reduced	  push-‐off,	  the	  leading	  intact	  limb	  must	  perform	  a	  

greater	  share	  of	  center	  of	  mass	  velocity	  redirection,	  thus	  increasing	  the	  ground	  reaction	  

loading	  impulse	  on	  the	  leading	  limb.”	  21	  This	  increase	  in	  load	  increases	  the	  external	  

adduction	  moment	  at	  the	  knee,	  which	  correlates	  with	  joint	  degeneration.21	  Morgenroth	  et	  

al	  compared	  three	  different	  prosthetic	  feet	  with	  different	  varying	  amounts	  of	  push-‐off	  to	  

determine	  the	  effects	  of	  push-‐off	  on	  the	  intact	  limb.	  Prosthetic	  feet	  included	  a	  controlled	  

energy	  storage	  and	  return	  foot	  (CESR),	  a	  conventional	  foot	  (Seattle	  LightFoot2),	  and	  the	  

foot	  prescribed	  to	  the	  subject	  (dynamic	  elastic	  response).	  21	  The	  research	  group	  reported	  a	  

statistically	  significant	  negative	  relationship	  between	  the	  push	  off	  of	  the	  prosthetic	  limb	  

and	  the	  initial	  peak	  knee	  external	  adduction	  moment	  of	  the	  intact	  limb,	  indicating	  an	  

increase	  in	  prosthetic	  push	  off	  decreases	  the	  external	  adduction	  moment	  in	  the	  intact	  

limb.21	  The	  CESR	  foot	  provided	  68%	  greater	  push	  off	  compared	  to	  the	  prescribed	  foot	  and	  

137%	  compared	  to	  the	  conventional	  foot.21	  Further,	  the	  initial	  external	  adduction	  peak	  was	  

significantly	  lower	  in	  the	  CESR	  and	  prescribed	  feet	  when	  compared	  to	  the	  conventional	  

feet.	  21	  (Figure	  6)	  

	   Grabowski	  et	  al	  examined	  ambulation	  at	  different	  speeds	  with	  a	  passive-‐elastic	  foot	  

and	  a	  powered	  ankle-‐foot	  compared	  to	  able-‐bodied	  counterparts.	  Results	  show	  the	  

powered	  ankle-‐foot,	  when	  compared	  to	  the	  passive-‐elastic	  foot,	  decreased	  the	  peak	  

resultant	  forces	  through	  the	  intact	  limb	  when	  walking	  at	  slow	  to	  moderate	  speeds.	  22	  The	  

ground	  reaction	  forces	  in	  the	  intact	  limb	  were	  also	  significantly	  lower	  with	  the	  powered	  

ankle-‐foot	  when	  ambulating	  0.75-‐1.50	  m/s,	  averaging	  6.6%	  lower	  impact	  peak	  ground	  

reaction	  forces.	  22	  The	  external	  adduction	  moment	  was	  significantly	  lower	  with	  the	  

powered	  ankle-‐foot	  prosthesis	  compared	  to	  the	  passive-‐elastic	  prosthesis	  at	  1.50	  m/s	  and	  
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1.75	  m/s,	  20.6%	  and	  12.2%	  respectively.	  22	  There	  was	  a	  5-‐22%	  decrease	  at	  speeds	  of	  0.75	  

m/s,	  1.00	  m/s,	  and	  1.25	  m/s	  but	  these	  values	  were	  not	  found	  to	  be	  significant.	  22	  When	  

comparing	  amputees	  to	  able-‐bodied	  subjects,	  ambulating	  with	  passive-‐elastic	  foot	  

prosthesis	  produced	  greater	  peak	  resultant	  forces	  in	  the	  intact	  limb	  whereas	  the	  powered	  

ankle-‐foot	  prostheses	  peak	  resultant	  forces	  were	  not	  significantly	  different	  from	  able-‐

bodied	  values.	  22	  (Figure	  7)	  	  

Hill	  et	  al	  report	  similar	  results	  when	  comparing	  passive	  ankle-‐foot	  prostheses	  to	  

powered	  ankle-‐foot	  prostheses	  (BioM)	  at	  1.25	  m/s	  in	  a	  case	  series.	  There	  was	  a	  decrease	  of	  

8%	  in	  the	  peak	  resultant	  force	  (PRF),	  18%	  decrease	  in	  force	  loading	  rate	  (FLR),	  an	  8%	  

decrease	  in	  peak	  heel-‐strike	  foot	  pressure	  (PP),	  and	  a	  15%	  decrease	  in	  the	  initial	  peak	  knee	  

external	  adduction	  moment	  (EAM)	  with	  the	  powered	  ankle-‐foot	  compared	  to	  the	  

conventional	  foot.	  23	  There	  was	  a	  49%	  decrease	  in	  lead	  leg	  transition	  work	  from	  step	  to	  

step	  and	  a	  334%	  increase	  in	  trailing	  leg	  transition	  work	  from	  step	  to	  step	  in	  the	  powered	  

ankle-‐foot	  prosthesis	  compared	  to	  the	  passive	  foot.	  23	  These	  studies	  indicate	  the	  prosthetic	  

foot	  prescription	  plays	  an	  important	  role	  in	  the	  loading	  of	  the	  intact	  limb	  and	  should	  be	  

considered	  when	  prescribing	  prosthetic	  components	  as	  a	  preventative	  measure	  to	  OA	  in	  

the	  intact	  limb.	  

Bone	  Mineral	  Density	  

Bone	  remodels	  based	  on	  the	  load	  or	  lack	  there	  of	  that	  is	  placed	  on	  it.	  Bone	  increases	  

in	  density	  with	  an	  increase	  in	  load	  and	  decreases	  in	  density	  with	  a	  decrease	  in	  load.	  24	  

Royer	  et	  al	  report,	  “increased	  bone	  mineral	  density	  may	  be	  associated	  with	  increased	  risk	  

of	  OA	  as	  a	  decrease	  in	  bone	  compliance	  places	  excessive	  wear	  stress	  on	  articular	  

cartilage.”17	  An	  increase	  in	  the	  bone	  mineral	  density	  in	  the	  proximal	  tibia	  with	  a	  larger	  
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internal	  knee	  abduction	  moment	  has	  been	  seen	  in	  healthy	  individuals.	  24	  In	  another	  study,	  

Royer	  et	  al	  examined	  bone	  mineral	  density	  in	  amputees	  intact	  and	  prosthetic	  limb	  

compared	  to	  controls.	  24	  Results	  showed	  the	  intact	  limb	  of	  amputees	  had	  45%	  and	  10%	  

greater	  bone	  mineral	  density	  in	  the	  medial	  knee	  than	  the	  residual	  limb	  and	  control,	  

respectively.	  24	  The	  bone	  mineral	  density	  of	  the	  femoral	  neck	  was	  12%	  greater	  in	  the	  intact	  

limb	  compared	  to	  the	  prosthetic	  limb	  but	  was	  no	  different	  than	  the	  controls.	  24	  Results	  from	  

both	  studies	  show	  the	  hip	  and	  knee	  of	  the	  intact	  limb	  experiences	  increased	  loading	  and	  

increased	  bone	  mineral	  density.	  17,24	  The	  hardening	  of	  subchondral	  bone,	  making	  it	  a	  poor	  

absorber,	  coupled	  with	  joint	  loading	  further	  promotes	  joint	  degeneration.13	  

Implications	  of	  OA	  

The	  implications	  of	  OA	  in	  amputees	  are	  substantial.	  Joint	  pain	  and	  decreased	  

mobility	  secondary	  to	  articular	  cartilage	  breakdown	  can	  result	  in	  long-‐term	  disability.	  5	  

Functional	  impairment	  and	  decreased	  independence	  occur	  in	  older	  adults	  with	  knee	  OA	  

being	  a	  leading	  cause	  of	  morbidity.	  8	  This	  is	  even	  more	  drastic	  when	  compounded	  with	  a	  

previous	  disability,	  such	  as	  an	  amputation.	  Morgenroth	  et	  al	  state,	  “many	  individuals	  with	  a	  

lower	  extremity	  amputation	  face	  mobility	  challenges	  at	  baseline	  …	  OA	  in	  the	  joints	  of	  the	  

intact	  limb	  can	  have	  an	  additive	  debilitating	  effect	  on	  mobility	  and	  quality	  of	  life	  in	  this	  

population.”	  8	  Pain	  in	  the	  intact	  limb	  from	  OA	  can	  negatively	  impact	  mobility	  and	  

consequently	  participation	  in	  vocational,	  educational,	  or	  social	  activities	  as	  OA	  in	  the	  intact	  

limb	  negatively	  correlates	  with	  prosthetic	  use.	  25	  Norvell	  et	  al	  report,	  “a	  greater	  proportion	  

of	  amputees	  than	  nonamputees	  reported	  that	  their	  pain	  kept	  them	  from	  their	  usual	  

activities	  for	  more	  than	  30	  days.”	  26	  This	  decrease	  in	  participation	  can	  in	  turn	  negatively	  

affect	  quality	  of	  life	  of	  amputees.	  Amputees	  with	  comorbidities	  are	  more	  likely	  to	  be	  less	  
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mobile,	  which	  decreases	  their	  independence	  with	  ADLs;	  independence	  in	  ADLs	  is	  a	  strong	  

predictor	  for	  quality	  of	  life.	  25	  Geertzen	  et	  al	  report	  comorbidities,	  like	  osteoarthritis,	  result	  

in	  a	  significant	  decrease	  in	  the	  Reintegration	  to	  Normal	  Life	  (RNL)	  score.	  25	  Maintaining	  the	  

integrity	  and	  joint	  health	  of	  amputees’	  intact	  limb	  is	  crucial	  in	  preventing	  further	  disability	  

or	  setbacks.	  

Preventative	  measures	  should	  be	  taken	  to	  reduce	  the	  risk	  of	  OA	  in	  amputees	  

immediately	  following	  amputation	  to	  preserve	  long-‐term	  function.	  Correcting	  temporal	  

asymmetries,	  muscle	  strength	  asymmetries,	  and	  decreasing	  joint	  loading	  through	  

prosthetic	  adjustment,	  gait	  training,	  and	  strength	  training	  will	  allow	  for	  a	  more	  

symmetrical	  gait	  with	  more	  symmetrical	  joint	  loading.	  Addressing	  these	  factors	  that	  

contribute	  to	  the	  development	  of	  OA	  will	  reduce	  the	  stresses	  felt	  in	  the	  hip	  and	  knee	  and	  

thus	  prevent	  joint	  degeneration	  in	  the	  intact	  limb.	  

Prevention	  and	  Treatment	  

Mechanical	  Preventions	  and	  Treatments	  

Much	  like	  the	  mechanical	  treatments	  in	  the	  general	  population	  for	  OA,	  such	  as	  

valgus	  bracing	  and	  lateral	  wedges,	  mechanical	  modifications	  can	  be	  made	  to	  the	  prosthesis	  

to	  improve	  joint	  loading	  during	  gait.	  8	  Proper	  socket	  fit	  and	  prosthetic	  alignment	  can	  

decrease	  abnormal	  loading	  of	  the	  intact	  limb	  by	  altering	  the	  external	  adduction	  moment	  

and	  thus	  decreasing	  the	  internal	  abduction	  moment.	  3,8	  Morgenroth	  et	  al	  report,	  “increased	  

trailing	  limb	  push	  off	  and	  feet	  that	  are	  functionally	  arc	  shaped	  during	  gait	  with	  larger	  

radius	  of	  curvature	  are	  associated	  with	  reduced	  leading-‐limb	  loading.”	  8	  The	  type	  of	  foot	  

component	  on	  the	  prosthesis	  can	  also	  alter	  the	  moments	  in	  the	  intact	  limb.	  Amputees	  who	  

ambulate	  with	  energy	  storage	  and	  return	  foot	  have	  a	  13%	  reduction	  in	  external	  adduction	  



Reed,	  12	  

moment	  in	  the	  intact	  limb	  compared	  to	  a	  traditional	  foot.	  8	  Significantly	  increasing	  the	  foot-‐

ankle	  push-‐off	  of	  a	  prosthetic	  foot	  results	  in	  a	  26%	  reduction	  of	  the	  initial	  peak	  external	  

adduction	  moment	  in	  the	  intact	  limb.	  8	  Morgenroth	  et	  al	  state,	  “prosthetic	  feet	  with	  

optimized	  roll-‐over	  shape…also	  have	  the	  potential	  to	  decrease	  intact	  limb	  loading.”	  8	  	  

Gait	  Training	  

After	  amputation,	  the	  decrease	  in	  body	  weight,	  change	  in	  center	  of	  mass	  over	  the	  

base	  of	  support,	  altered	  weight	  acceptance,	  single	  limb	  support	  time,	  and	  limb	  

advancement	  all	  contribute	  to	  gait	  asymmetries.	  27	  As	  amputees	  have	  decreased	  stance	  

time	  on	  the	  prosthetic	  limb,	  thereby	  increasing	  the	  load	  felt	  in	  the	  intact	  limb	  with	  

reciprocal	  gait,	  gait	  training	  in	  physical	  therapy	  to	  correct	  gait	  deviations	  and	  temporal	  

asymmetries	  can	  aid	  in	  preventing	  joint	  degeneration	  in	  the	  intact	  limb.	  	  In	  a	  study	  by	  

Dignwell	  et	  al,	  it	  was	  confirmed	  that	  amputees	  have	  significantly	  greater	  asymmetries	  than	  

healthy	  subjects,	  specifically	  in	  percent	  stance	  time,	  push	  off	  force,	  and	  single	  support	  

time.11	  After	  real	  time	  visual	  feedback	  was	  provided,	  amputees	  were	  able	  to	  significantly	  

decrease	  the	  amount	  of	  asymmetries	  seen	  in	  percent	  stance	  time,	  push	  off	  force,	  and	  single	  

support	  time.	  11	  Results	  indicate	  amputees	  can	  correct	  their	  gait	  mechanics	  with	  feedback	  

to	  a	  more	  symmetrical	  gait	  pattern	  and	  consequently	  decrease	  abnormal	  joint	  loading	  of	  

the	  intact	  limb.	  	  	  

Other	  physical	  therapy	  interventions	  to	  correct	  gait	  mechanics	  includes	  

proprioceptive	  neuromuscular	  facilitation	  (PNF).	  Yiğiter	  et	  al	  examined	  the	  effectiveness	  of	  

traditional	  prosthetic	  training	  and	  PNF	  resistive	  gait	  training	  in	  amputees	  in	  improving	  

weight	  bearing	  and	  gait.	  27	  One	  group	  received	  traditional	  treatment	  including	  weight	  

shifting,	  balance	  activities,	  stool	  stepping,	  and	  gait	  activities	  whereas	  the	  other	  group	  
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received	  the	  same	  activities	  with	  PNF.	  27	  Yiğiter	  et	  al	  report,	  “although	  the	  outcome	  of	  this	  

study	  suggested	  that	  both	  therapeutic	  approaches	  were	  effective	  on	  weight	  bearing	  and	  

gait	  biomechanics,	  better	  results	  were	  attained	  in	  the	  group	  who	  received	  proprioceptive	  

feedback.”	  27	  Both	  the	  Dingwell	  et	  al	  and	  Yiğiter	  et	  al	  studies	  indicate	  some	  form	  of	  feedback	  

in	  gait	  training	  is	  beneficial	  in	  improving	  mechanics	  in	  amputees.	  

Strength	  Training	  

Addressing	  strength	  asymmetries	  will	  also	  improve	  joint	  loading	  during	  reciprocal	  

gait.	  Amputees	  with	  preserved	  muscle	  strength	  demonstrate	  improved	  gait	  as	  a	  result	  of	  

more	  control	  of	  the	  prosthesis	  and	  decreased	  energy	  expenditure.	  28	  Knee	  extensor,	  knee	  

flexor,	  and	  hip	  abductor	  strength	  and	  symmetry	  correspond	  to	  improved	  function	  and	  

symmetry	  in	  gait	  for	  amputees	  and	  should	  be	  targeted	  in	  rehabilitation.	  13,29	  Nadollek	  et	  al	  

found	  a	  number	  of	  improvements	  were	  correlated	  with	  hip	  abductor	  strength	  including	  

increased	  weight	  bearing	  on	  the	  prosthetic	  limb,	  improved	  gait	  parameters,	  and	  decreased	  

medio-‐lateral	  center	  of	  pressure	  excursion	  of	  the	  prosthetic	  side.	  14	  Decreased	  weight	  

bearing	  on	  the	  prosthetic	  limb	  is	  correlated	  with	  weak	  hip	  abductor	  strength,	  indicating	  the	  

need	  for	  adequate	  strength	  in	  the	  gluteus	  medius	  and	  gluteus	  minimus.	  14	  In	  a	  study	  

examining	  the	  relationship	  between	  tempro-‐spatial	  gait	  parameters	  and	  isometric	  

strength,	  Boyd	  et	  al	  report,	  “results	  indicate	  that	  adequate	  force	  is	  necessary	  in	  both	  

residual	  and	  sound	  limbs	  to	  improve	  functional	  gait	  ability.”	  29	  A	  strength-‐training	  program	  

targeting	  both	  strength	  and	  symmetry	  of	  strength	  between	  the	  residual	  limb	  and	  intact	  

limb	  should	  be	  implemented	  early	  on	  to	  prevent	  asymmetrical	  gait	  leading	  to	  OA.	  
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Other	  Treatments	  

Other	  preventative	  strategies	  include	  weight	  management,	  activity	  modification	  in	  

vocational	  and	  recreational	  settings,	  and	  knee	  trauma	  prevention.	  A	  reduction	  in	  weight	  

has	  been	  shown	  to	  significantly	  reduce	  the	  risk	  of	  OA	  by	  50%.5	  Activity	  modification,	  such	  

as	  altering	  activities	  requiring	  knee	  bending	  or	  carrying	  objects,	  reduces	  OA	  rates	  by	  15-‐

30%.5	  Pharmacology	  may	  also	  be	  indicated	  in	  some	  patients	  but	  should	  be	  done	  so	  with	  

caution.	  	  Morgenroth	  et	  al	  state,	  “analgesic	  medications	  can	  increase	  the	  peak	  knee	  EAM	  

[external	  adduction	  moment]	  secondary	  to	  pain	  reduction	  and	  can	  potentially	  accelerate	  

OA	  progression	  in	  the	  long	  run.”	  8	  That	  being	  said,	  a	  treatment	  that	  addresses	  mechanical	  

factors	  should	  be	  fist	  considered	  in	  rehabilitation.	  

	   While	  total	  joint	  replacements	  in	  amputee	  patients	  remain	  rare	  they	  should	  not	  be	  

ruled	  out	  in	  severe	  instances.	  When	  conservative	  treatments	  have	  been	  exhausted	  with	  no	  

pain	  relief	  and	  continued	  deterioration	  in	  mobility,	  function,	  and	  independence,	  total	  joint	  

replacements	  may	  be	  considered	  despite	  the	  added	  challenges	  that	  come	  with	  joint	  

replacement	  rehabilitation	  in	  amputees.	  	  In	  a	  case	  report,	  one	  patient	  received	  a	  total	  knee	  

replacement	  for	  grade	  4	  osteoarthritis	  in	  the	  intact	  limb	  following	  a	  below	  knee	  

amputation	  7	  years	  earlier.	  30	  The	  patient	  received	  physical	  therapy	  post-‐operatively	  

without	  limitations	  related	  to	  his	  amputation;	  at	  6	  weeks	  the	  patient	  presented	  improved	  

function	  and	  was	  able	  to	  ambulate	  without	  assistive	  devices.	  30	  In	  another	  case	  report,	  a	  

patient	  received	  a	  total	  hip	  replacement	  after	  having	  a	  contralateral	  hindquarter	  

amputation	  and	  remained	  independent	  at	  follow	  up	  four	  years	  post-‐operatively.	  31	  Both	  

cases	  indicate	  joint	  replacements	  can	  be	  preformed	  on	  amputee	  patients	  both	  safely	  and	  

effectively	  when	  conservative	  treatments	  fail.	  
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Conclusion	  

	   With	  the	  growing	  number	  of	  amputations	  and	  the	  increased	  prevalence	  of	  

osteoarthritis	  in	  amputees,	  understanding	  the	  contributors	  and	  ways	  to	  prevent	  the	  

development	  of	  joint	  degeneration	  in	  a	  population	  already	  facing	  mobility	  challenges	  is	  

critical.	  Amputees	  ambulate	  with	  an	  asymmetrical	  gait	  creating	  an	  increase	  in	  joint	  loading	  

on	  the	  intact	  limb	  resulting	  in	  bone	  remodeling	  and	  joint	  degeneration.	  Addressing	  

temporal	  asymmetries	  through	  gait	  training	  with	  feedback,	  ensuring	  patients	  have	  proper	  

prosthetic	  fit,	  alignment,	  and	  optimal	  prosthetic	  components,	  as	  well	  as	  providing	  strength	  

training	  targeting	  hip	  abductors,	  knee	  flexors,	  and	  knee	  extensors	  all	  work	  to	  decrease	  the	  

load	  in	  the	  intact	  limb.	  Each	  of	  these	  should	  be	  addressed	  early	  on	  for	  their	  preventative	  

benefits	  to	  ensure	  optimal	  long-‐term	  mobility,	  participation,	  and	  quality	  of	  life.	  
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Figures	  and	  Tables:	  
Temporal	  Asymmetry:11	  
Figure	  1.	   	   	   	   	   	   Figure	  2.	  

	  	   	  
	  
	  
Muscle	  Strength	  Asymmetry:13	  
Figure	  3.	  
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Table 1. Symmetry indices for normal and amputee 
subjects. (Mean (average std. dev.) for n = 6 subjects x 

10 strides per subject) 
(* = significantly different to SI = 10 at ~ 4 . 0 1 )  

variables quantified (Skop, SI%sT, and SImF). 
Data for single support times were collected for 
all four treatments and a two factor ANOVA 
with repeated measures was performed to 
analyse differences between treatments. 
Individual differences were then compared 
using the method of least significant 
differences. 

Results 
All of the asymmetries quantified for normal 

subjects were less than 2.5%. Comparison of 
these data to the condition of perfect symmetry 
showed that none of these asymmetries were 
statistically different to a value of SI = 0 (p 
>0.10). Data for 'IT amputee subjects 
demonstrated significant non-zero asymmetries 
for SI%sT and SISST (p<O.Ol) each). 
Asymmetries for SEOp and SI,, did not quite 
achieve the 0.05 level of significance (p = 0.07 
each). 

Table 1 shows mean SI values (n = 6 
subjects) and ANOVA results comparing 
asymmetries of normal and amputee subjects. 
Means (n = 6 subjects) of standard deviations in 
SI (n = 10 strides per subject) are shown in 

Table 2. Correlations between average symmetry 
variables 

(* = significant at ~ 4 . 0 5 ,  ** = significant at ~ 4 . 0 1 ) )  

Normal Subjects (n = 6) 

Variable sIs, 1 s k O P  1 :I%Sl' 1 :IFOF 

SI,, 0.830* 
SIPOF -0.361 -0.569 

0.862* 0.996;; -0.598 

TT Amputee Subjects (n = 6) 

Variable 

0.338 
0.554 0.926** 
0.279 

Table 3. Average symmetry index values before and 
after feedback training 

(Means for n = 6 subjects x 1 1  strides per subject) 

I Variable 1 Before 1 After I p -  value I 
SICOP -1.58% -0.56% 1;: 1 +7.03% 1 +5.18% 1 :::: 1 

parentheses. Amputees demonstrated 
significantly greater asymmetries than normal 
subjects for three of the four measured 
variables; SI%sT, SImF, and S1ss~ and 
asymmetries for all variables were an average 
of 4.6 times greater for amputees than for 
normal subjects. T-tests comparing variabilities 
of both groups of subjects showed that TT 
amputee subjects demonstrated greater average 
variability in three of the four variables 
quantified; however, this difference was only 
significant for SI%sT data (p = 0.03). Increases 
in variability of push off force and single 
support time for asymmetries (SImF and SISST) 
for TT amputees were not quite significant (p = 
0.11 and 0.06 respectively). 

Results of correlations between the average 
values of the four variables quantified are 
shown in Table 2.  Significant correlations were 
computed between asymmetry values for SEOp, 
SI%sT, SISST for normal subjects, and between 
SI,sT, SISST, and S I ~ F  for TT amputees. The 
remaining six correlations were not significant. 

Results of ANOVA analyses comparing 
changes in asymmetries for TT amputee 
subjects before and after RTVF training are 
shown in Table 3, and Figure 3. Significant 
decreases in the degree of assymetry were 
demonstrated for all three variables after 
amputees were shown visual feedback of the 

+2.47% +1.38% 0.033 

data. 

8% 

6% 
I 
E 2 4% - 

Before 

After 
Feedback 7 03% 

2 47% 

I 
COP %ST POF 

Feedback Variable 
Fig. 3. Improvement in symmetry indices after real- 

time visual feedback training. 
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Real-time amputee gait symmetry feedback 107 

- Significant at 
f 16% 14.56%* 

9 12%[ 10.54% 17 p < 0.05 

Before After COP After RDST After POF 
Feedback Feedback Feedback Feedback 

Fig. 4. Changes in single support time asymmetry 
(SISST) After real-time visual feedback training. 
(* - si&icantly different to before feedback at 

p 4.05). 

ANOVA results comparing asymmetries in 
single support times (SISST) between the four 
tested conditions indicated significant 
differences before and after RTVF training and 
the method of least significant differences was 
used to determine which feedback routines 
significantly affected SIssT asymmetries. These 
results are shown in Figure 4. SISST data 
measured before feedback training showed a 
significant increase after COP feedback training 
(p<0.05), a significant decrease after %ST 
feedback training (p>0.05), and no significant 
change after POF feedback training. 

Discussions 
T-tests comparing average asymmetries of 

six normal and six 'IT amputee subjects to a 
perfect symmetry value of S I  = 0 showed that 
only two of the eight comparisons were 
statistically significant. However, tests on larger 
groups of subjects might reveal these 
asymmetries to be significant. The results of the 
current study agree qualitatively with the 
findings of other authors regarding asymmetries 
in temporal gait patterns (Rosenrot et al., 1980; 
Hirokawa, 1989) and ground reaction forces 
(Herzog et al., 1989) of normal subjects. The 
asymmetries quantified in the current study 
were slightly greater than those reported by 
Herzog et al., (1989). Possible reasons for this 
include the fact that Herzog's data were 
obtained on a larger sample of subjects than was 
used in this study. Additionally, subjects in this 
study were asked to walk at a pace of 2.5 km/hr 
(0.96 d s )  in order to obtain data more easily 
comparable to that collected for the 'IT amputee 
subjects. Gait patterns of normal subjects have 
been shown to be more consistent at preferred 

walking velocities (Rosenrot et al., 1980). 
Therefore, and increase in the asymmetries of 
normal subjects' gait patterns may have resulted 
from asking them to walk at a pace slower than 
their normal velocity. 

Asymmetry values from Table 1 demonstrate 
that 'IT amputees spent a significantly reduced 
time in total stance (SI%ST = 4.98%) and single 
stance (SISST = +10.57%) on their prosthetic 
limb compared to their natural limb. Although 
'IT amputees also generated less force at 
terminal stance on their prosthetic limbs @IrnF = 
+2.57%), this difference was not si@cant. 
These increases in temporal asymmetries (SI%sT 
and SIssT) and peak force magnitudes (SIpoF) 
agree with the findings of previous researchers 
regarding the timing and force profiles of 
amputee gait patterns (Skinner and Effeney, 
1985; Breakey, 1976; Cheung et al., 1983; 
Seliktar and Mizrahi, 1986; Baker and Hewison, 
1990). The variability in stride to stride 
asymmetries of amputees was greater than that of 
normals for three of the four variables quantified, 
although this difference was sigmfkant only for 
percent stance time asymmetry. This increase in 
variability could de due to the loss of normal 
neuromuscular control in the amputated limb 
(Zahedi et al., 1987), to an imperfect socket fit 
resulting in motion occurring between the stump 
and the prosthesis, or a combination of these 
factors. Further investigation should be 
conducted to confirm these results. 

Significant correlations were found between 
percent stance time and single support time 
asymmetries for both the normal and amputee 
subjects and also both percent stance time and 
single support time asymmetries, and push off 
force asymmetry for the TT amputee subjects. 
These positive correlations lend support to the 
theory that asymmetries in gait cycle timing are 
directly influenced by a loss of normal push off 
force in the gait of TT amputees (Breakey, 
1976; Winter and Sienko, 1988). However, 
none of the six remaining correlations was 
significant, and three were in fact negative, 
suggesting that while asymmetries of certain 
variables might be related to each other, the 
asymmetries of other variables, in general, are 
not. This idea was supported by the ANOVA 
results examining the effects of visual feedback 
training on single support time asymmetry 
(SISST) which demonstrated that decreases in 
asymmetry for those variables being displayed 
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value and the intact limb the highest. For the strength measures,
the control subjects were stronger than both prosthetic and intact
side limbs (Table 2).

KEXT, KFLEX, and vGRFlr were significantly more asymmetrical
in the TTA group (p < 0.05, ES = 4.21, 2.39, and 1.52, respectively)
(Fig. 2). A trend towards significance was seen in the KEAMlr,
which was associated with a p-value of 0.08, and a strong effect
size of ES = 1.10. Mean KEAMP asymmetry was associated with a
strong effect size at ES = 0.76. HABD asymmetry was not different
between groups and was excluded from the remaining analyses.

The results of the correlations indicated that strength
asymmetry was best correlated with the two load rate variables.
KEAMlr asymmetry had a strong correlation with KEXT SA
(rho = 0.714, p < 0.05) (Fig. 3), and a moderate correlation with
KFLEX SA (rho = 0.500). The strongest correlation between
strength asymmetry and intact side variables was between the
KFLEX SA and intact side GRFlr (rho = 0.643) (Fig. 3). None of the
strength asymmetry measures was related to the peak KEAM.

4. Discussion

The primary aim of this study was to determine the relationship
between muscle strength asymmetry and gait variables associated
with osteoarthritis risk in the intact limb of trans-tibial amputee
subjects. It was expected that TTAs would be more asymmetrical
than controls, and that strength asymmetry would positively
correlate both with gait asymmetry and the magnitude of the gait
variable on the intact limb. In general, although the relationships
were not strong, there is evidence to support the hypothesis that
increased muscle strength asymmetry in TTAs is related to greater
OA risk on the intact limb.

It appears that knee muscle strength asymmetry is most closely
related to loading rates in TTAs. Specifically, knee extensor
strength asymmetry was correlated with frontal plane knee
moment load rate asymmetry, while knee flexion strength
asymmetry correlated with the intact side ground reaction force
load rate. In able-bodied gait, the plantarflexors and knee
extensors are the primary sources of forward motion [19]. In
TTAs, who lack plantarflexors on one limb, the knee extensors
become more important for producing forward progression [12].
Additionally, increased hamstring activity in early stance may help
to compensate for the lack of plantarflexors by increasing hip
extensor action [13]. Reduced prosthetic side quadriceps and
hamstring strength may therefore impair the ability of the
prosthetic side limb to produce adequate propulsion. Significant
strength asymmetry in TTAs implies a gait compensation
mechanism which relies heavily on the intact limb despite the
importance of the prosthetic side musculature.

It is likely that gait alterations aimed at avoiding large moments
at the stump/socket interface are responsible for creating the
relationship between strength asymmetry and loading rates. When
forces are applied at the distal end of the prosthesis, such as during
gait, there is the potential for moments to be generated not only at
the knee, but also between the residual limb and the socket. These
moments between the limb and socket can create areas of pressure
and discomfort. Maintaining a more extended hip and knee on the
prosthetic side is a common gait adaptation for reducing moments at

Fig. 1. Ensemble curves of the vertical ground reaction force (in body weights, BW)
and external knee adduction moment for the eight TTA and eight control subjects
during the stance phase of gait. Prosthetic side (solid), intact side (dashed), and
control limb (gray).

Table 2
Mean values (standard deviations) of the six dependent variables for TTA group
prosthetic and intact side limbs, and averaged control limb.

Prosthetic Intact Control

KEAMp (N/kg) 0.17 (0.1) 0.24 (0.1) 0.22 (0.1)
KEAMlr (Nm/s) 2.60 (0.9) 4.80 (2.1) 3.58 (1.1)
vGRFlr (bw/s) 13.0 (2.5) 19.95 (3.9) 14.64 (3.0)
KEXTs (Nm/kg) 0.35 (0.2) 0.81 (0.3) 1.10 (0.3)
KFLEXs (Nm/kg) 0.36 (0.2) 0.73 (0.3) 0.81 (0.3)
HABDs (Nm/kg) 0.63 (0.2) 0.66 (0.2) 0.91 (0.3)

KEAMp = peak external knee adduction moment; KEAMlr = external knee adduction
moment load rate; vGRFlr = vertical ground reaction force load rate (bw = body
weights); and KEXTs, KFLEXs, and HABDs = knee extension, knee flexion, and hip
abduction strength.

Fig. 2. Symmetry angle values and standard deviations in TTA (light gray) and
control groups (dark gray). Larger values indicate greater asymmetry. See text for
variable definitions. *Significantly more asymmetrical than the control group,
p < 0.05; #effect size greater than 0.70.

C.H. Lloyd et al. / Gait & Posture 32 (2010) 296–300298
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Joint	  Loading:	  17	  
Figure	  4	   	   	   	   	   	   	  

	  
Figure	  5	  
	  

	  	  	   	  
	  

adduction moment and osteoarthritis disease severity, while
Hurwitz et al. [11] reported the internal knee abduction
moment is greater than normal in adults who have knee
osteoarthritis. These studies highlight the evidence of
abnormal joint loading characteristics in persons with
osteoarthritis.

Persons with unilateral lower-extremity amputation
typically place excessive demands on the non-affected side
to compensate for pain and limited motion of the affected
side, thereby abnormally loading the non-affected side.
Assessments of frontal plane knee and hip moments provide
insight to the magnitudes and distribution of joint forces and
the potential for joint degeneration, but have not been
examined extensively in persons with lower-extremity
amputation. Therefore, the purpose of this study was to
examine frontal plane moments in persons with unilateral,
trans-tibial amputation. We hypothesized that knee and hip
internal abduction moments are greater in the intact limb
compared to the prosthetic side.

2. Methods

2.1. Subjects

Ten adults (9males, 1 female) with a unilateral, trans-tibial
amputation served as subjects (mean age 41.2 ! 10.5 years,
mean height 174.9! 7.9 cm,meanmass 89.2 ! 19.7 kg). All
subjects wore a dynamic elastic response foot (Flex-Foot) and
were free of orthopedic and neurological disorders that might
otherwise have affected their ability to walk. Subject’s
amputations were due to trauma (n = 7), diabetes (n = 2), and
congenital deficiencies (n = 1). Time since amputation
averaged 14.1 ! 9.6 years. Subjects provided written
informed consent in accordance with institutional human
subjects policies prior to data collection.

2.2. Data acquisition

A reduced Cleveland clinic marker set using 6 mm
cubical markers were attached with adhesive hook and loop
tape to the sacrum between L5 and S1 and bilaterally as
follows: anterior superior iliac spine, thigh triad, tibia triad,
calcaneus, and second metatarsal head. Additional markers
were temporarily placed on the medial and lateral knees and
ankles for a static standing trial and then removed prior to
the walking trials. Markers placed on the prosthetic limb
approximated the ankle joint of the intact limb. Markers
were used to determine joint center location and to establish
local coordinate systems for each lower-extremity segment,
permitting the calculation of joint rotation in three
dimensions. Eight Motion Analysis (Santa Rosa, CA)
cameras captured three-dimensional position data of these
markers at 60 Hz and AMTI (Newton, MA) force platforms
captured ground reaction force data at 480 Hz. Video and
force data were synchronized using RealTime software

(Motion Analysis Corp., Santa Rosa, CA). Subjects walked
at individually preferred speeds (mean 1.27 ! 0.13 m/s)
along the 10-m walkway until three acceptable trials
(successful force platform strikes) for each leg were
collected.

2.3. Data analysis

Three-dimensional position data were filtered using a
low-pass Butterworth digital filter with a cut-off frequency
of 9 Hz. Inertial parameters for the intact limb were used for
the prosthetic limb, as Miller [13] noted only small
differences in joint kinetic calculations when substituting
intact limb inertia for that of the prosthetic limb. Since the
primary dependent variables for this investigation reflect
stance phase characteristics when lower-extremity linear
and angular accelerations are relatively small, this produced
a minor effect on joint kinetics calculations. OrthoTrak
software (Motion Analysis Corp.) was used to calculate gait
mechanics. Lower-extremity internal net joint moments
were calculated using a traditional inverse dynamics
approach and normalized to body mass (Nm/kg). Peak
knee (MKabd) and hip (MHabd) internal abduction moments
were identified during stance.

2.4. Statistical analysis

Two-tailed paired samples t-tests were used to identify
significant between-limb differences in peak values for knee
and hip abduction moments. A significance level of p < 0.05
was used for all comparisons. Effect size (ES) was also
calculated to assess the magnitude of the difference.
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Fig. 1. The intact limb internal knee abductionmoment was greater than the

prosthetic side, indicating greater loading on the medial knee compartment.

Data are the ensemble average of 10 subjects.

3. Results

There were significant between limb differences in peak
internal abduction moment at both the knee and hip, with the
intact limb MKabd (0.55 ! 0.18 N m/kg) greater ( p = .028;
ES = 0.87) than on the prosthetic side (0.38 ! 0.22 N m/kg;
Fig. 1) and the intact limb MHabd (0.88 ! 0.22 N m/kg)
greater ( p = .01; ES = 1.22) than on the prosthetic side
(0.63 ! 0.19 N m/kg; Fig. 2). Intact and prosthetic limb
temporal and spatial stride characteristics were not analyzed
statistically but are provided for completeness (Table 1).
Prosthetic limb step length was 1% longer than that of the
intact limb. The intact limb’s stance and swing phase
durations were 2% longer and 4% smaller, respectively, than
for the prosthetic limb.

4. Discussion

Persons with unilateral, lower-extremity amputation
sometimes develop osteoarthritis in their intact limb [1–
3]. Among persons without amputation, knee osteoarthritis
disease severity has been linked to elevated frontal plane
knee moments [9]. Frontal plane moments are typically not
reported in the amputee gait research literature, since

locomotion occurs predominantly in the sagittal plane.
Therefore, the purpose of this study was to examine hip and
knee frontal plane moments in persons with unilateral, trans-
tibial amputation.

The intact limb peak MKabd and MHabd were 46% and
39% greater, respectively, than the prosthetic side. These
between limb asymmetries in frontal plane moments are
larger than those reported in the literature [14]. Underwood
et al. [14] reported the intact limb peak MKabd and MHabd

were 5% and 29% larger than on the prosthetic side with use
of a dynamic elastic response foot, similar to that used in our
study. The internal knee abduction moment has been shown
to reflect the force distribution between the medial and
lateral compartments of the knee joint, where larger knee
abduction moments correspond to greater loads on the
medial knee than on the lateral knee compartment [12].

Large moments are problematic, as Sharma et al. [9]
reported a significant relationship between the frontal plane
knee moment and osteoarthritis disease severity in non-
amputees. In our study, the intact limb peak MKabd was
0.55 N m/kg, which is 17% greater than the normal value
(approximately 0.47 N m/kg) reported by Hurwitz et al.
[15], while the prosthetic side peak MKabd was 23% smaller
than normal. Larger frontal plane moments suggest that the
medial knee compartment of the intact limb of unilateral,
trans-tibial amputees experiences higher bone forces than
the prosthetic side and is concomitantly made more
susceptible to degenerative joint disease, specifically OA.
Indeed, Melzer et al. [2] reported 65% of their unilateral,
lower-extremity amputee group (21 out of 32 subjects) had
knee OA based on the Kellgren–Lawrence grade classifica-
tion [16]. Lemaire and Fisher [3] also reported a greater
incidence of knee OA in the non-amputated limb of older
unilateral, trans-tibial amputees (mean age 71.8 years, mean
46 years since amputation) compared to that present in a
similar control group.

Hurwitz et al. [17] reported a significant positive
correlation between internal hip abduction moment and
femoral neck bone mineral density among persons without
amputation. Increased bone mineral density may be
associated with increased risk of OA as a decrease in bone
compliance places excessivewear stress on articular cartilage
[18]. In our study, the intact limb peak MHabd was 0.88 N m/
kg, which is 6% greater than the normal value (approximately
0.83 N m/kg) reported by Hurwitz et al. [17], while the
prosthetic side peakMHabdwas 31%smaller thannormal.Our
frontal plane hip joint moment results suggest the intact side
hip jointmay not be at a greater risk of developingOA. In fact,
Kulkarni et al. [4] reported a greater incidence of hip
osteoarthritis in the amputated side compared to the intact
limb of World War II veterans. However, it was speculated
that trauma that led to amputationmight have damaged the hip
joint on the affected side.

The temporal spatial results of our study are similar to
those reported in literature [5,6,14]. The intact limb remains in
stance longer andhas a shorter swing phase than the prosthetic
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Fig. 2. The intact limb internal hip abduction moment was greater than the

prosthetic side throughout stance. Data are the ensemble average of 10
subjects.

Table 1

Mean (S.D.) intact and prosthetic limb stride characteristics

Intact limb Prosthetic limb

Step length (cm) 70.5 (6.6) 71.5 (9.3)

Step rate (steps/min) 107.2 (5.2) 107.2 (5.3)
Stance phase (% of stride cycle) 64.5 (2.1) 63.1 (1.4)

Swing phase (% of stride cycle) 35.5 (2.1) 36.9 (1.4)
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Table 2. Peak net joint moments (Nm/kg) for the intact limb of trans-tibial, trans-femoral amputees and the left leg of
able-bodied subjects walking at 1.2m.s~'. PF=plantar flexor, DF= dorsiflexor, Ext=extensor, Flex=flexor moments.

Subject group

Able-bodied

Trans-tibial
Intact limb

Trans-femoral
Intact limb

Net ankle moment
Ext(Nm/kg)

1.17
(0.13)
1.00

(0.04)
1.29#
(0.18)

Flex(Nm/kg)
0.05

(0.04)
0.13

(0.07)
0.16*
(0.08)

Net knee moment
Ext(Nm/kg)

0.79
(0.17)
1.27*
(0.28)
1.14*
(0.20)

Flex(Nm/kg)
0.23

(0.06)
0.23

(0.64)
0.29

(0.06)

Net hip moment
Ext(Nm/kg)

0.71
(0.22)
0.79

(0.23)
1.14*
(0.23)

Flex(Nm/kg)
1.04

(0.21)
1.77*
(0.41)
1.22#
(0.21)

* significantly differs from able-bodied (p<.05)
# significantly differs from trans-tibial amputees (p<.05)

were divided by body mass, normalised to 100%
of the gait cycle and then averaged over the three
strides. The analysis involved the description of
the joint responses based on the interpretation of
the net joint moment and power patterns. Peak
amplitudes were determined for net joint
moments and power outputs for statistical
comparison between groups as used by Winter
(1983) and Lemaire et al. (1993).

The data were tested for normality using a
normal plot and distribution of variance. A one-
way analysis of variance and Tukey post hoc
analysis was used for the statistical comparison
of selected peak amplitude joint parameters
between the three groups for the intact limb
only. The alpha level to determine significance
was set at 0.05. The analysis of variance and
Tukey post hoc analyses were used to compare
selected joint angular displacement variables
both between the three groups and between the
prosthetic and intact limbs of the amputees. The
mean curves were compared between the groups
qualitatively. Variability between subjects for
the means of selected data was calculated by
coefficient of variation (c.v.).

Results
All variables analysed were found to be

normal in their distribution.

Kinematics
Trans-tibial amputees moved the ankle of the

intact limb through a greater mean range of
motion (ROM) (26°) than able-bodied subjects
(21°), although these were not significantly
different (p>0.05). The mean ankle ROM on the
prosthetic limb (20°) was similar to that of able-
bodied subjects. The type of prosthesis was
found to affect ankle ROM for both the intact and

prosthetic limb. The two trans-tibial amputees
using the SACH foot had at least 10 degree
smaller ROM on their prosthetic limb and at least
a 15° greater ROM on their intact limb than the
two subjects using the multi-axis foot.

Trans-femoral amputees moved the ankle of
the intact limb through a similar mean ROM
(21°) as able-bodied subjects. The mean ankle
ROM for the prosthetic limb (19°) was less than
for the intact limb, but not significantly. The
peak prosthetic knee flexion angle (6° of
flexion), was found to differ significantly
(p<0.05) from both the intact limb (30° of
flexion) and from able-bodied subjects (24° of
flexion) during 'shock absorption' phase as for
these individuals knee flexion during stance
appeared almost absent.

Kinetics
Trans-tibial amputees generated a

significantly greater (p<0.05) peak maximal
knee extensor moment and hip flexor moment
(Table 2), and a significantly greater (p<0.05)
peak knee and hip joint power generation on
their intact limb than for able-bodied subjects
(Table 3).

Trans-femoral amputees generated a
significantly greater (p<0.05) peak dorsiflexor
moment and peak knee and hip extensor
moments on the intact limb than able-bodied
subjects (Table 2). Peak knee power generation
was significantly greater (p<0.05) than able-
bodied subjects with peak hip power generation
also being greater than able-bodied subjects, but
not significantly (Table 3).

Variability
Inter-subject variations as expressed by the

coefficient of variation in peak joint moments
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Table 3. Peak joint power outputs (W/kg) for the intact limb of trans-tibial, trans-femoral amputees and the left leg of
able-bodied subjects walking at 1.2m.s'. Gen=power generated, Abs=power absorbed.

Subject group

Able-bodied

Trans-tibial
Intact limb

Trans-femoral
Intact limb

Ankle power output
Gen (W/kg)

1.22
(0.52)
0.86

(0.41)
1.74

(0.45)

Abs (W/kg)
1.21

(0.35)
0.81

(0.47)
0.99

(0.49)

Knee power output
Gen (W/kg)

0.47
(0.14)
1.15*
(0.28)
1.04*
(0.55)

Abs (W/kg)
2.87

(0.72)
4.39

(1.59)
4.40

(1.25)

Hip power output
Gen (W/kg)

0.85
(0.26)
1.70*
(0.40)
1.01#
(0.35)

Abs (W/kg)
0.85

(0.18)
1.47

(0.53)
1.29

(0.70)

* significantly differs from able-bodied (p<.05)
# significantly differs from trans-tibial amputees (p<.05)

and power output (Table 4) were found to be
similar across the three groups but higher for
power output than for net joint moments. For the
latter, the ankle was less variable than the knee
and hip joints, whilst for power output, the ankle
was the most variable. For kinematic data,
similar values for inter-subject variation for both
the intact and prosthetic limbs were found across
the three groups with the exception of knee
angle. The trans-femoral amputees were found
to exhibit low inter-subject variation for
prosthetic knee angle (c.v.=±1.7%) which was to
be expected due to the prosthetic knee
mechanism.

Discussion
The aim of the study was to investigate the

loading demands placed on the intact limb for
active trans-femoral and trans-tibial amputees in
comparison to a group of able-bodied subjects.
Both groups of amputees compensated on their
intact limb for the functional loss of one or more
joints by increasing ankle ROM, producing
greater knee extensor moments and power
generation during weight-acceptance, greater
knee extensor moments and power absorption

during push-off, greater hip extensor moments
and power absorption during weight-acceptance,
and greater hip flexor moments and power
generation during push-off compared to able-
bodied subjects. The kinetic effects at the ankle
are equivocal as the trans-tibial amputees
demonstrate a lower plantar flexor moment and
power generation at push-off compared to able-
bodied subjects, while for trans-femoral
amputees these data are greater than those
for able-bodied subjects. Compensatory
mechanisms appear to operate at the ankle, hip
and knee and are discussed in turn.

At the intact limb ankle, an increased range of
motion has also been reported (Aruin et al.,
1997) and was attributed to the intact ankle joint
being used more due to the limited ankle
movement on the prosthetic limb. This was more
noticeable for trans-tibial than for trans-femoral
amputees. The larger ROM for the trans-tibial
amputees appears to be associated with a lower
ankle joint moment and power generation than
for both able-bodied and trans-femoral amputees.
Smith (1990) reported that the type of prosthesis
used can affect lower limb kinematics, and this
was seen in the present study, in that the two

Table 4. Inter-subject coefficient of variation for net joint moments and joint power outputs for the intact limb of trans-
tibial, trans-femoral amputees and the left leg of able-bodied subjects walking at 1.2m.s'.

Subject group

Able-bodied

Trans-tibial amputees
Intact limb

Trans-femoral amputees
Intact limb

Coefficient of variation (%)
Net joint extensor moment

Ankle
10.8

3.8

14.2

Knee
21.0

22.0

17.5

Hip
30.4

29.5

20.3

Joint power output (generation)
Ankle
42.2

47.8

25.7

Knee
30.6

24.7

52.5

Hip
30.7

23.4

34.6
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Although mechanical loading factors have not been extensively
studied in the amputee population, there is a foundation of
literature that has demonstrated the importance of the peak knee
external adduction moment (EAM) during walking on the
development of knee joint degenerative changes in the general
population [7–13]. In particular, the first of the two EAM peaks
during stance phase has been reported to be associated with
increased knee OA severity [14]. The factors that modify knee EAM
in the intact limb of amputees have not been studied to date.

One potential explanation for increased mechanical loading in
the intact limb is reduced prosthetic limb push-off power and
ground reaction forces seen with conventional prosthetic feet [15].
Dynamic walking models and experimental studies of non-
amputees suggest that pushing off from the trailing limb can
reduce the collision of the leading limb with the ground [16–20].
During the transition from one stance leg to the next, the velocity
of the body center of mass must change from a forward-and-down
direction to a forward-and-up direction [16]. This redirection is
due to the ground reaction impulse (the integral of ground reaction
forces) across the step-to-step transition period, roughly corre-
sponding to double support [16] (Fig. 1A). If the trailing prosthetic
limb produces a reduced push-off, the leading intact limb must
perform a greater share of the center of mass velocity redirection,

thus increasing the ground reaction loading impulse on the leading
limb. This is expected to result in greater loading of the intact limb,
and hence greater knee EAM. Prosthetic feet that improve push-off
could therefore potentially reduce intact limb loading, and
specifically peak knee EAM during early stance.

The goal of this study was to determine whether the amount of
push-off from a prosthetic foot affects intact knee EAM during gait
in unilateral TTAs. We studied three prosthetic foot conditions that
we expected to be associated with varying amounts of prosthetic
push-off. We hypothesized that greater prosthetic push-off would
lead to reduced loading, and hence reduced knee EAM, during early
stance phase of the intact limb.

2. Methods

We tested for differences in limb loading during gait in unilateral TTAs. We
examined variations in prosthetic foot-ankle push-off work including those that
occurred systematically due to the type of foot (by applying three different
prosthetic foot conditions), as well as those that occurred spontaneously as a result
of gait variability. We then tested whether increases in push-off work, whether
systematic or spontaneous, was associated with reductions in intact limb loading
and knee EAM.

In order to explore the potential mechanistic connection between these two
clinically relevant variables, we also subdivided the relationship between
prosthetic foot-ankle push-off work and intact knee EAM into the following three
paired relationships: first, push-off impulse from the prosthetic limb should

Fig. 1. Conceptual diagrams demonstrating the prosthetic and intact side ground reaction forces associated with the step-to-step transition (A and B) and graphic display of
subject average vertical ground reaction force (C), prosthetic foot-ankle power (D), and intact knee external adduction moment (E), across the gait cycle for each prosthetic
foot condition. (A) Sagittal view: the body center of mass (COM) is redirected during the step-to-step transition, as a result of forces applied by both legs against the ground
(indicated by lines originating at center of pressure points throughout the gait cycle from a representative trial). (B) Coronal view: the ground reaction force is directed medial
to the knee joint center of rotation essentially throughout stance phase leading to an external adduction moment. (C) Push-off and loading impulses were defined as the area
under the vertical ground reaction force curves during double limb support. Prosthetic limb push-off impulse was negatively correlated with intact limb loading impulse.
There was also a negative correlation between prosthetic foot-ankle push-off work (D) and intact limb 1st (loading) peak knee external adduction moment (E).

D.C. Morgenroth et al. / Gait & Posture 34 (2011) 502–507 503
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	   	  fastest walking speeds. Herr & Grabowski [38] found
that subjects with an amputation using a powered ankle-
foot prosthesis prefer to walk at 1.42 m/s, equivalent to
the preferred speed of non-amputees, and 20% faster
than their preferred speed when they used a passive-
elastic prosthesis. Thus a significant reduction in peak
EAM at a walking speed of 1.50 m/s has the potential to

decrease the risk of knee osteoarthritis. Future research
is warranted to systematically determine the effects of
prosthetic ankle power and net positive ankle work on
the unaffected knee EAM.
Previous research that measured the effect of lateral

wedge insoles on a population with knee osteoarthritis
has argued that a decrease of 5-7% in peak knee EAM
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Figure 2 Average unaffected leg resultant ground reaction force (GRF) and knee external adduction moment (EAM). Dashed red lines
indicate GRFs (left column) and EAMs (right column) of the unaffected leg while subjects walked using a passive-elastic prosthesis (Passive) across
a range of speeds. Blue lines represent GRFs (left column) and EAMs (right column) of the unaffected leg while subjects walked using the
powered prosthesis (Powered). Black lines represent GRFs (left column) and EAMs (right column) of non-amputees (Control). The average of three
steps from all subjects is shown. Data are plotted versus percentage of a stride, where 0% occurs at heel strike.

Grabowski and D’Andrea Journal of NeuroEngineering and Rehabilitation 2013, 10:49 Page 8 of 11
http://www.jneuroengrehab.com/content/10/1/49
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