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Transla'on	
  of	
  closed-­‐loop	
  BMI	
  devices	
  from	
  the	
  
laboratory	
  to	
  the	
  market	
  is	
  challenged	
  by:	
  
	
  
•  Gaps	
  in	
  scien'fic	
  data	
  regarding	
  long-­‐term	
  device	
  

reliability	
  and	
  safety	
  (risk-­‐benefit)	
  
•  Uncertainty	
  in	
  the	
  regulatory,	
  market	
  and	
  

reimbursement	
  pathways	
  	
  
•  Lack	
  of	
  cost-­‐benefit	
  analysis	
  
•  Lack	
  of	
  metrics	
  for	
  evalua'ng	
  and	
  quan'fying	
  

performance	
  in	
  BMI	
  systems	
  
•  Pa'ent-­‐	
  acceptance	
  challenges	
  that	
  impede	
  their	
  

fast	
  and	
  effec've	
  transla'on	
  to	
  the	
  end	
  user	
  
	
  

Challenges	
  in	
  Closed-­‐loop	
  BMI/BCI	
  systems	
  	
  



Proposed	
  Metrics	
  
Interna(onal	
  Classifica(on	
  of	
  Func(oning,	
  Disability	
  and	
  
Health	
  (or	
  ICF)	
  

•  Interna(onal	
  standard	
  to	
  describe	
  and	
  measure	
  health	
  and	
  
disability	
  	
  

•  Describes	
  changes	
  in	
  body	
  func(on	
  and	
  structure,	
  and	
  	
  
•  Domains	
  of	
  ac(vity	
  and	
  par(cipa(on	
  

1.  	
  	
  	
  	
  	
  	
  	
  What	
  a	
  person	
  with	
  a	
  health	
  condi(on	
  can	
  do	
  in	
  a	
  standard	
  	
  	
  	
  	
  
environment	
  (their	
  level	
  of	
  capacity)	
  	
  

2.  	
  	
  	
  	
  	
  	
  What	
  they	
  actually	
  do	
  in	
  their	
  usual	
  environment	
  (their	
  level	
  of	
  
performance).	
  

hEp://www.who.int/classifica(ons/icf/en/	
  



Proposed	
  Metrics	
  
System	
  Usability	
  Scale	
  (SUS)	
  

•  “quick	
  and	
  dirty”,	
  reliable	
  tool	
  for	
  measuring	
  the	
  usability	
  of	
  a	
  
wide	
  variety	
  of	
  products	
  and	
  services,	
  including	
  hardware,	
  
soNware,	
  mobile	
  devices,	
  websites	
  and	
  applica(ons.	
  	
  

•  Industry	
  standard	
  
•  10-­‐item	
  ques(onnaire	
  with	
  five	
  response	
  op(ons:	
  from	
  Strongly	
  

agree	
  to	
  Strongly	
  disagree.	
  	
  	
  	
  
•  Easy	
  to	
  administer	
  
•  Can	
  be	
  used	
  on	
  small	
  sample	
  sizes	
  with	
  valid	
  and	
  reliable	
  results	
  	
  

hEp://www.usability.gov/how-­‐to-­‐and-­‐tools/methods/system-­‐	
  usability-­‐scale.html	
  	
  	
  



Proposed	
  Metrics	
  
The	
  Technology	
  Readiness	
  Levels	
  (TRL)	
  
	
  
•  Used	
  to	
  assess	
  the	
  maturity	
  level	
  of	
  a	
  par(cular	
  technology	
  
•  There	
  are	
  nine	
  technology	
  readiness	
  levels	
  (TRL	
  1-­‐9)	
  
•  Safety	
  strategy	
  input	
  is	
  required	
  early	
  in	
  the	
  project	
  life	
  cycle	
  as	
  

part	
  of	
  the	
  technology	
  development	
  process.	
  

hEp://www.nasa.gov/content/technology-­‐readiness-­‐	
  level/#.U0_oza1dUcw	
  



Proposed	
  Metrics	
  
Clinical	
  Metrics	
  must	
  consider:	
  
	
  
o  Determina(on	
  of	
  the	
  neurological	
  profile	
  of	
  individuals	
  who	
  are	
  capable	
  of	
  

using	
  a	
  specific	
  BMI	
  device.	
  

o  Determina(on	
  of	
  the	
  incidence	
  of	
  adverse	
  effects	
  in	
  the	
  use	
  of	
  the	
  BMI	
  
system.	
  

o  Determina(on	
  of	
  the	
  extent	
  of	
  mobility	
  or	
  func(on	
  achieved	
  by	
  the	
  use	
  of	
  the	
  
BMI	
  system.	
  

o  Determina(on	
  of	
  any	
  measurable	
  health	
  benefits	
  with	
  the	
  use	
  of	
  the	
  BMI	
  
system.	
  

o  Determina(on	
  of	
  improvement	
  of	
  quality	
  of	
  life	
  with	
  the	
  use	
  of	
  the	
  BMI	
  
system.	
  



Engineering	
  Metrics	
  
o  Reliability	
  metric:	
  The	
  opera(onal	
  system	
  availability,	
  addresses	
  

the	
  con(nued	
  dependence	
  of	
  the	
  pa(ent	
  on	
  the	
  neural	
  interface	
  
for	
  the	
  execu(on	
  of	
  ADLs.	
  
o  To	
  assess	
  how	
  reliably	
  and	
  robustly	
  a	
  user	
  through	
  a	
  closed-­‐loop	
  BMI	
  can	
  

operate	
  a	
  wearable	
  prosthe(c.	
  	
  
o  It	
  should	
  be	
  assessed	
  on	
  the	
  complete	
  system	
  (including	
  the	
  pa(ent	
  in	
  the	
  

loop),	
  although	
  reliability	
  of	
  system	
  components	
  may	
  also	
  be	
  useful	
  for	
  
inter-­‐operability	
  in	
  modular	
  designs.	
  

o  Availability	
  metric:	
  It	
  reflects	
  the	
  probability	
  that	
  the	
  system	
  will	
  
operate	
  sa(sfactorily	
  at	
  (me	
  t	
  when	
  called	
  upon	
  for	
  use.	
  	
  
o  Total	
  system	
  up	
  (me	
  divided	
  by	
  the	
  total	
  opera(ng	
  hours.	
  

o  Physics-­‐of-­‐failure	
  analysis	
  with	
  respect	
  to	
  expected	
  life	
  cycle	
  
stresses	
  &	
  life(me	
  of	
  the	
  system	
  



Factors	
  in	
  evalua'ng	
  BMI	
  performance	
  
o  Clinical	
  popula(on	
  
o  Experimental	
  protocol,	
  including	
  tes(ng	
  condi(ons	
  
o  Evalua(on	
  metrics	
  
o  Source	
  signals	
  (EEG,	
  NIRS,	
  ECoG,	
  LFP,	
  spikes,	
  etc)	
  
o  Use	
  or	
  degree	
  of	
  shared	
  control	
  
o  Number	
  of	
  electrodes	
  (or	
  features)	
  	
  
o  Feedback	
  modality	
  used	
  
o  Length	
  of	
  training	
  
o  Type	
  of	
  decoding	
  (neural	
  classifica(on	
  vs.	
  con(nuous	
  (me	
  

trajectory	
  decoding,	
  etc.)	
  



‘Typical’	
  BMI	
  metrics	
  
o  Informa(on	
  transfer	
  rate	
  (ITR,	
  bits/sec)	
  

o  Decoding	
  accuracy	
  	
  
o  Pearson's	
  correla(on	
  coefficient	
  [13]	
  
o  Signal	
  to	
  noise	
  ra(o	
  (SNR)	
  
o  Error	
  rate	
  (ER):	
  percentage	
  of	
  the	
  runs	
  where	
  a	
  target	
  is	
  

missed	
  (a	
  target	
  could	
  be	
  missed	
  because	
  either	
  a	
  (me	
  limit	
  
expired	
  or	
  a	
  false	
  target	
  was	
  selected).	
  	
  

o  ISO	
  9241,	
  part	
  9	
  standard	
  for	
  tes(ng	
  poin(ng	
  device	
  
performance	
  and	
  user	
  assessment	
  

o  Classifica(on	
  rates,	
  confusion	
  matrices,	
  sensi(vity	
  and	
  specificity	
  

o  Neural	
  tuning	
  or	
  neural	
  adapta(on	
  to	
  BMI	
  use.	
  



Limita'ons	
  of	
  ITR	
  (cf.	
  Speirer	
  et	
  al)	
  
o  Condi(onal	
  probabili(es	
  for	
  selec(on	
  sequences	
  have	
  not	
  been	
  

reported	
  (e.g.,	
  for	
  BCI	
  spellers)	
  

o  Informa(on	
  about	
  types	
  of	
  errors	
  in	
  BCI	
  for	
  communica(on	
  are	
  
not	
  used	
  to	
  improve	
  their	
  selec(on	
  (errors	
  are	
  either	
  ignored	
  or	
  
deleted;	
  (me	
  outs	
  in	
  2D	
  BCIs	
  limit	
  quan(fica(on	
  of	
  performance)	
  

o  Task	
  constraints	
  or	
  'shared	
  control'	
  are	
  usually	
  not	
  factored	
  in	
  the	
  
quan(fica(on	
  of	
  BMI	
  performance,	
  

	
  
o  it	
  is	
  unclear	
  how	
  low	
  the	
  ITR	
  would	
  need	
  to	
  be	
  in	
  order	
  to	
  

understand	
  the	
  BCI	
  output.	
  

o  ITR	
  assumes	
  that	
  there	
  is	
  only	
  one	
  informa(on	
  channel	
  that	
  can	
  
be	
  used	
  to	
  extract	
  informa(on	
  from	
  the	
  brain	
  



Neural	
  tuning	
  or	
  adapta'on:	
  

•  Metrics	
  that	
  examine	
  how	
  each	
  neuronal	
  unit	
  (or	
  
electrode,	
  or	
  region	
  of	
  interest)	
  modulates	
  its	
  firing	
  rate	
  
(or	
  neural	
  ac(vity)	
  with	
  respect	
  to	
  discrete	
  and/or	
  
con(nuous	
  states	
  across	
  sessions	
  in	
  BMI	
  longitudinal	
  
studies	
  are	
  likely	
  to	
  provide	
  the	
  most	
  useful	
  informa(on.	
  

•  Source	
  analysis	
  	
  

•  “Spectrome”	
  metric	
  

•  Amplitude	
  modula(on	
  metric	
  



Enduser	
  (pa'ent)	
  metrics	
  
•  Different	
  clinical	
  popula(ons	
  such	
  as	
  stroke,	
  amputees	
  or	
  SCI	
  	
  
pa(ents	
  might	
  priori(ze	
  differently	
  their	
  needs,	
  challenges,	
  and	
  have	
  	
  
different	
  benefit/risk	
  profiles.	
  	
  
	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  e.g.,	
  in	
  terms	
  of	
  accep(ng	
  a	
  certain	
  degree	
  of	
  invasiveness	
  in	
  the	
  BMI	
  system,	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Func(onal	
  capabili(es,	
  or	
  a	
  desired	
  opera(ng	
  speed	
  of	
  the	
  device.	
  	
  
	
  
•  Pa(ents	
  	
  also	
  evaluate	
  BMI	
  devices	
  in	
  regard	
  to	
  usability	
  (e.g.,	
  	
  
	
  	
  	
  	
  maintenance	
  requirements,	
  set-­‐up	
  (me,	
  cosmesis,	
  etc.),	
  func(onal	
  	
  
	
  	
  	
  	
  gains	
  as	
  well	
  as	
  other	
  psychological	
  factors	
  that	
  influence	
  	
  
	
  	
  	
  	
  pa(ent's	
  acceptance	
  of	
  the	
  technology.	
  
	
  
•  Likert	
  scales	
  



BMI	
  devices	
  have	
  unparalleled	
  poten(al	
  to	
  restore	
  func(onal	
  
movement	
  capabili(es	
  to	
  stroke,	
  paralyzed	
  and	
  amputee	
  pa(ents	
  

Case	
  Study:	
  NeuroRex	
  

Spinal	
  cord	
  injury	
  pa(ent	
  



BMI-­‐exo	
  metrics	
  for	
  paralyzed	
  pa(ents	
  

•  Incidence	
  of	
  adverse	
  events	
  associated	
  with	
  use	
  of	
  the	
  system	
  
•  	
  Instability	
  and	
  falls	
  
•  	
  Injury	
  to	
  skin,	
  joints	
  and	
  muscles	
  
•  Pain	
  and	
  fa(gue	
  
•  Hypo-­‐	
  or	
  hypertension	
  
•  Arrhythmias	
  

•  Degree	
  of	
  mobility	
  that	
  can	
  be	
  achieved:	
  
•  Standing	
  from	
  a	
  silng	
  posi(on	
  ((me	
  to	
  complete	
  ac(on);	
  
•  Walking	
  in	
  a	
  straight	
  line	
  (6	
  or	
  10	
  minute	
  walk)	
  
•  Turning	
  right	
  and	
  leN	
  (modifica(on	
  of	
  the	
  6	
  m	
  and	
  10	
  m	
  walks)	
  
•  Naviga(ng	
  obstacles	
  ((me,	
  number	
  of	
  errors)	
  

�	
  



BMI-­‐exo	
  metrics	
  for	
  paralyzed	
  pa(ents	
  

•  Health	
  and	
  quality	
  of	
  life	
  due	
  to	
  training	
  with	
  NeuroRex:	
  	
  
•  Muscle	
  strength,	
  sensory	
  func(on	
  	
  (ASIA	
  motor	
  and	
  sensory	
  

examina(on,	
  
	
  	
  	
  	
  	
  	
  	
  ASIA	
  Impairment	
  Score	
  (AIS)	
  
•  Cardiovascular	
  Func(on	
  	
  (blood	
  pressure	
  and	
  orthosta(c	
  

hypotension)	
  
•  Pulmonary	
  Func(on	
  (test	
  of	
  forced	
  vital	
  capacity)	
  
•  Spinal	
  Cord	
  Independence	
  Measure	
  (SCIM),	
  bowel,	
  	
  

	
  bladder	
  and	
  autonomic	
  func(ons	
  
•  Health,	
  Quality	
  of	
  Life	
  (Standardized	
  Test:	
  SF-­‐36)	
  	
  

•  ADLs,	
  cogni(ve	
  effort,	
  mul(-­‐tasking	
  capabili(es	
  
•  Incorpora(on	
  to	
  sense	
  of	
  self	
  (body	
  image):	
  Likert	
  Scale	
  

�	
  



BMI-­‐exo	
  metrics	
  for	
  paralyzed	
  pa(ents	
  

•  Changes	
  in	
  scalp	
  EEG	
  due	
  to	
  NeuroRex	
  use	
  	
  
•  Neural	
  adapta(on	
  
•  Decoding	
  accuracy	
  
•  Source	
  analysis	
  
•  Usability	
  
•  Effects	
  of	
  ar(facts	
  as	
  a	
  func(on	
  of	
  session	
  

•  Analysis	
  of	
  Failures	
  
•  Neural,	
  electromechanical,	
  skin	
  condi(ons,	
  physical	
  interface	
  

•  Risk-­‐Benefit	
  Ra(o	
  

•  Cost-­‐Benefit	
  Ra(o�	
  



Non-­‐invasive	
  Brain-­‐Machine	
  Interface	
  Systems	
  Lab	
  



•  Pa'ent's	
  internal	
  states	
  (e.g.,	
  fa'gue,	
  medica'on,	
  stress,	
  
aging,	
  health	
  status,	
  etc.)	
  	
  

•  Non-­‐sta'onarity	
  of	
  the	
  brain	
  signals	
  used	
  for	
  decoding	
  
•  Learning	
  effects	
  
•  Degrada'on	
  of	
  wearable	
  prosthe'cs/ortho'cs	
  
•  Environmental	
  changes	
  

Long-­‐term	
  reliability	
  of	
  closed-­‐loop	
  BMI/BCI	
  
systems	
  is	
  unknown	
  

Cri(cal	
  needs:	
  
•  Analysis	
  of	
  failures	
  of	
  pa(ent-­‐in-­‐the-­‐loop	
  system	
  
•  Long-­‐term	
  signal	
  stability	
  
•  Prognosis	
  of	
  human-­‐machine	
  system	
  
•  Larger	
  sample	
  of	
  subjects	
  (reliable	
  biometrics)	
  



Combina'on	
  of	
  engineering,	
  clinical,	
  and	
  end-­‐user	
  
metrics:	
  
(cf.	
  Contreras-­‐Vidal,	
  Iden'fying	
  Engineering,	
  Clinical	
  and	
  Pa'ent's	
  Metrics	
  for	
  
Evalua'ng	
  and	
  Quan'fying	
  Performance	
  of	
  Brain-­‐	
  Machine	
  Interface	
  Systems,	
  
SMC	
  2014)	
  

	
  -­‐	
  Interna'onal	
  Classifica'on	
  of	
  Func'oning	
  (ICF)	
  
	
  -­‐	
  Reduc'on	
  of	
  secondary	
  complica'ons	
  	
  
	
  -­‐	
  ADLs,	
  cogni've	
  effort,	
  mul'-­‐tasking	
  capabili'es	
  
	
  -­‐	
  Incorpora'on	
  to	
  sense	
  of	
  self	
  (body	
  image)	
  
	
  -­‐	
  Usability	
  
	
  -­‐	
  Psychosocial	
  (well-­‐being)	
  
	
  -­‐	
  Cost	
  

	
  

Standard	
  metrics	
  for	
  evalua'on	
  &	
  
comparison	
  of	
  BMI/BCI	
  systems	
  are	
  lacking	
  



•  Motor	
  (efferent	
  BMI),	
  sensory	
  (afferent	
  BMI)	
  or	
  
cogni've	
  (memory,	
  decision-­‐making,	
  emo'on	
  BMI)	
  

	
  
Closed-­‐loop	
  BMI	
  devices	
  can	
  have	
  mul'ple	
  benefits:	
  
•  Diagnos'c	
  and	
  device	
  self-­‐tuning	
  applica'ons	
  
•  Therapeu'c	
  benefits	
  across	
  mul'ple	
  physiological	
  

systems	
  (e.g.,	
  gait,	
  bladder,	
  cardiovascular,	
  bone,	
  
psychological)	
  	
  

•  Assis've	
  (e.g.,	
  for	
  tetraplegia/paraplegia)	
  
•  Augmenta'on	
  of	
  func'on	
  
•  Reverse	
  engineering	
  the	
  brain	
  (reverse	
  transla'onal)	
  

Closed-­‐loop	
  BMI/BCI	
  systems	
  


