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Technical	
  Summary	
  

Abstract	
  

This	
  is	
  a	
  description	
  and	
  overview	
  of	
  our	
  course	
  project	
  for	
  Computer	
  Integrated	
  Surgery	
  

II,	
  600.446,	
  taught	
  by	
  Dr.	
  Russel	
  Taylor.	
  Our	
  project	
  was	
  titled	
  “Intracardiac	
  Mapping	
  of	
  SAI	
  

QRST	
  and	
  Other	
  Clinical	
  Markers”.	
  Below,	
  we	
  give	
  a	
  detailed	
  overview	
  of	
  our	
  methods	
  and	
  

results.	
  	
  

Background	
  

General	
  Background	
  

Every	
   year,	
   approximately	
   800,000	
  people	
   in	
   the	
  United	
   States	
   die	
   from	
   cardiac	
   disease,	
  

and	
  roughly	
  half	
  of	
  this	
  number	
  are	
  a	
  result	
  of	
  sudden	
  cardiac	
  death	
  1.	
  It	
  is	
  well	
  known	
  that	
  

ventricular	
   arrhythmias	
   are	
   highly	
   lethal	
   and	
   are	
   often	
   linked	
   to	
   sudden	
   cardiac	
   death.	
  

There	
  are	
  two	
  kinds	
  of	
  ventricular	
  arrhythmias:	
  ventricular	
  tachycardia	
  is	
  when	
  there	
  is	
  a	
  

rapid,	
  coordinated	
  contraction	
  of	
  the	
  ventricles,	
  and	
  ventricular	
  fibrillation	
  is	
  when	
  there	
  is	
  

a	
   rapid,	
   uncoordinated	
   contraction	
   of	
   the	
   ventricles.	
   Ventricular	
   tachycardia	
   can	
   often	
  

degenerate	
   into	
   ventricular	
   fibrillation,	
   which	
   can	
   quickly	
   lead	
   to	
   sudden	
   cardiac	
   death.	
  

Therefore,	
   having	
   a	
   marker	
   that	
   can	
   accurately	
   predict	
   a	
   patient’s	
   risk	
   for	
   ventricular	
  

tachyarrhythmias	
  is	
  essential.	
  

Electrocardiograms	
  (ECGs)	
  

ECGs	
  are	
  a	
  physician’s	
  primary	
   tool	
   for	
  understanding	
   the	
  electrical	
   activity	
   in	
   the	
  heart.	
  

While	
   they	
   provide	
   certain	
   indicators	
   for	
   specific	
   heart	
   diseases,	
   their	
   usefulness	
   is	
  

weakened	
  because	
  they	
  are	
  unable	
  to	
  localize	
  the	
  arrhythmogenic	
  substrate.	
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Figure	
  1	
  -­	
  shows	
  a	
  schematic	
  diagram	
  of	
  a	
  typical	
  ECG	
  wave,	
  outlining	
  the	
  P,	
  Q,	
  R,	
  S,	
  

and	
  T	
  regions	
  of	
  the	
  wave,	
  for	
  future	
  reference.	
  

Various	
  Markers	
  of	
  Arrhythmogenicity	
  

SAI	
  (Sum	
  Absolute	
  Integral)	
  of	
  the	
  QRST	
  interval	
  was	
  shown	
  by	
  Tereshchenko,	
  et.	
  al.,	
  2	
  to	
  

be	
   a	
   good	
  marker	
   for	
   a	
   patient’s	
   ventricular	
   arrhythmia	
   susceptibility.	
   The	
   above	
   study	
  

addressed	
   the	
   controversial	
   usage	
   of	
   QRS	
   width	
   as	
   a	
   marker	
   for	
   predicting	
   ventricular	
  

tachyarrhythmias.	
  However,	
   it	
  was	
  also	
  shown	
  that	
  the	
  predictive	
  value	
  of	
  the	
  QRS	
  width	
  

improved	
   if	
   it	
   was	
   considered	
   in	
   conjunction	
  with	
   SAI	
   QRST	
   in	
   patients	
   implanted	
  with	
  

primary	
   prevention	
   ICDs.	
   It	
   is	
   believed	
   that	
   the	
   QRST	
   integral	
   expresses	
   the	
   spatial	
  

heterogeneity	
   of	
   action	
   potential	
   morphology,	
   and	
   thus	
   the	
   summation	
   of	
   the	
   absolute	
  

QRST	
   integral	
   represents	
   the	
  magnitude	
   of	
   total	
   cardiac	
   electrical	
   power.	
   In	
   a	
  modeling	
  

experiment	
   by	
   Okazaki	
   et.	
   al3,	
   	
   the	
   modeled	
   myocardium	
   was	
   disrupted	
   by	
   different	
  

percentages	
   of	
   randomly	
   distributed	
   Action	
   Potential	
   Durations	
   (APD).	
   It	
   was	
   found	
  

through	
  this	
  type	
  of	
  modeling	
  and	
  simulated	
  body	
  surface	
  mapping	
  that	
  the	
  QRST	
  integral	
  

was	
  decreased	
  with	
  an	
  increase	
  in	
  heterogeneity	
  of	
  APD.	
  The	
  researchers	
  speculated	
  that	
  

the	
  reduction	
  of	
  QRST	
  integral	
  in	
  the	
  more	
  heterogeneous	
  heart	
  models	
  could	
  be	
  applied	
  to	
  

the	
   study	
   of	
   hearts	
   in	
   a	
   clinical	
   setting.	
   A	
   the	
   decrease	
   of	
   the	
   in	
   QRST	
   integral	
   can	
   be	
  

appropriately	
  regarded	
  as	
  a	
  consequence	
  of	
  increased	
  heterogeneity	
  of	
  diseased	
  hearts,	
  as	
  

opposed	
  to	
  the	
  “aligned”	
  repolarization	
  gradients	
  of	
  normal	
  hearts3.	
  	
  

	
  

Prior	
   to	
   this	
  project,	
   SAI	
  QRST	
  had	
  never	
  been	
   studied	
   in	
   conjunction	
  with	
  body	
   surface	
  

potential	
  maps	
  and	
  inverse	
  epicardial	
  maps.	
  The	
  main	
  goal	
  of	
  our	
  project	
  was	
  to	
  determine	
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if	
  SAI	
  QRST	
  and	
  intracardiac	
  mapping	
  could	
  be	
  combined	
  to	
  provide	
  a	
  better	
  understanding	
  

of	
  the	
  electrical	
  activity	
  in	
  the	
  heart.	
  	
  

Body	
  Surface	
  Mapping	
  and	
  ECGi	
  

Body	
  surface	
  mapping	
   is	
  done	
  by	
  placing	
  many	
   leads	
  on	
  a	
  patient’s	
   thorax	
  and	
  abdomen	
  

(often	
   done	
   with	
   240	
   leads,	
   but	
   we	
   did	
   it	
   with	
   120	
   leads),	
   and	
   recording	
   the	
   surface	
  

potentials	
  from	
  these	
  many	
  leads.	
  	
  

	
  

	
  
Figure	
  2-­	
  a	
  standard	
  Dalhousie	
  array,	
  which	
  is	
  similar	
  to	
  the	
  electrode	
  array	
  that	
  was	
  

used	
  in	
  our	
  study’s	
  clinical	
  experiments.	
  The	
  left	
  side	
  corresponds	
  to	
  the	
  front	
  of	
  the	
  

electrode	
   array	
   and	
   the	
   right	
   corresponds	
   to	
   the	
   back	
   of	
   the	
   electrode	
   array.	
   The	
  

green	
  dots	
   represent	
   the	
   approximate	
   location	
  of	
   the	
   standard	
  12-­lead	
  ECGs	
   (only	
  

half	
   are	
   shown)	
   and	
   the	
   red	
   dots	
   represent	
   the	
   typical	
   placement	
   of	
   orthogonal	
  

leads.8	
  

	
  

Additionally,	
  ECGi	
  consists	
  of	
  the	
  additional	
  step	
  of	
  taking	
  a	
  CT	
  or	
  MRI	
  scan	
  of	
  the	
  patient	
  

with	
   the	
   leads	
   attached.	
  Once	
   completed,	
   segmentation	
  of	
   the	
  body	
   surface,	
   the	
   attached	
  

205CHAPTER 12: Electrocardiographic Imaging of Calculated Epicardial Potentials 

envelope of all body surface ECG tracings preceding a rapid 
change in their amplitudes (Fig. 12–2).

Next, each lead was averaged over a number of beats in order 
to improve the signal-to-noise ratio. Dynamic beat averaging 
was performed to include in the averaging only those beats that 
were similar enough to the selected template beat. 

An example of four instantaneous BSPM distributions cor-
responding to activation/repolarization sequence initiated by 
epicardial pacing is shown in Fig. 12–3. Note that the color scale is 
adjusted to the instantaneous values of extrema; thus, spatial pat-
terns of low-level potential distributions can be discerned as clearly 
as those with much higher potentials at the peak activation.
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FIGURE 12–2. Detection of cycle length in body surface potential (BSP) mapping data acquired during ventricular tachycardia (VT). The upper and lower envelopes of all 
120-lead electrocardiogram tracings were used to detect the onset of VT cycle. This VT (marked VT A of a patient) is described in detail in the “Application of ECG Imaging in 
Clinical Electrophysiology” section.

FIGURE 12–1. Dalhousie standard array of 120 electrodes on the torso for body surface potential mapping (BSPM). The left half of the grid represents the anterior chest, and the 
right half represents the posterior chest. Transverse levels (labeled 1 , 2,…,10 ) and equiangular planes (labeled A, A ,…,P,P ) are marked after Frank,10 with levels 1-inch apart. 
Potentials at 352 nodes (solid squares) are interpolated from those recorded at electrode sites (circles); green squares mark sites of precordial leads V1 to V6; yellow squares are 
sites where electrodes of Mason-Likar11 substitution for extremity leads are placed; and red squares are sites of EASI leads.12
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leads,	
  and	
  the	
  heart	
  can	
  take	
  place	
  and	
  a	
  heart-­‐torso	
  model	
  can	
  be	
  generated.	
  The	
  nodes	
  of	
  

this	
  model	
  can	
  then	
  be	
  used	
  to	
  plot	
  various	
  clinical	
  markers.	
  

Inverse	
  Epicardial	
  Heart	
  Maps	
  

Inverse	
   epicardial	
   heart	
   maps	
   are	
   a	
   way	
   of	
   taking	
   the	
   body	
   surface	
   information	
   and	
  

computing	
  an	
   inverse	
   solution	
  as	
   to	
  what	
   is	
   taking	
  place	
  on	
   the	
  epicardial	
   surface	
  of	
   the	
  

heart.	
  More	
  information	
  on	
  how	
  this	
  was	
  accomplished	
  is	
  included	
  in	
  the	
  Methods	
  section	
  

of	
  this	
  paper.	
  	
  

Cardiac	
  Resynchronization	
  Therapy	
  

Another	
  use	
  for	
  our	
  project	
  was	
  as	
  a	
  better	
  marker	
  for	
  cardicac	
  resynchronization	
  therapy	
  

(CRT)	
  device	
  implantation.	
  CRT	
  device	
  implantation	
  is	
  effective	
  in	
  approximately	
  60	
  -­‐70%	
  

of	
  the	
  population	
  but	
  is	
  only	
  refunded	
  by	
  Medicare/Medicaid	
  if	
  the	
  QRS	
  duration	
  (QRSd)	
  is	
  

greater	
  than	
  120	
  ms	
  4.	
  Recent	
  studies,	
  such	
  as	
  the	
  study	
  of	
  CRT-­‐device	
  implantation	
  in	
  non-­‐

ischemic	
  heart	
  patients	
  by	
  Gosh	
  et.	
  al,5	
  has	
  shown	
  that	
  QRSd	
  alone	
  is	
  not	
  a	
  good	
  metric	
  for	
  

predicting	
   a	
   patient	
   success	
   under	
   CRT.	
   CRT	
   was	
   successful	
   in	
   patients	
   who	
   were	
  

characterized	
  by	
  a	
  line	
  of	
  conduction	
  block	
  between	
  the	
  septum	
  and	
  lateral	
  left	
  ventricular	
  

wall	
  in	
  inverse	
  heart	
  map	
  computed	
  using	
  the	
  ECGi	
  technique.	
  	
  

Methods	
  

QRS	
  detection	
  algorithm	
  	
  

This	
  method	
  for	
  QRS	
  detection	
  was	
  heavily	
  adapted	
  from	
  Zong’s	
  Computers	
  in	
  Cardiology	
  

paper,	
  published	
  in	
  20036.	
  This	
  algorithm	
  was	
  laid	
  out	
  in	
  the	
  paper	
  the	
  following	
  way:	
  	
  

	
  

	
  

Low-­‐pass	
  filter	
  
A	
  second-­‐order	
  low-­‐pass	
  filter	
  was	
  used	
  that	
  had	
  the	
  following	
  transfer	
  function:	
  	
  

	
  

And	
  the	
  following	
  difference	
  equation:	
  	
  

Low-­‐pass	
  
Filter	
  

Curve-­‐length	
  
Transformation	
  

Decision	
  Rule	
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y[n]=	
  2y[n-­‐1]	
  –y[n-­‐2]	
  +	
  x[n]	
  -­‐2x[n-­‐5]	
  +x[n-­‐10]	
  

The	
  above	
  filter	
  is	
  a	
   low-­‐pass	
  filter.	
  A	
  high	
  pass	
  filter	
  was	
  not	
  used	
  in	
  the	
  above	
  equation	
  

due	
   to	
   the	
   fact	
   that	
   curve-­‐length	
   transformations	
   naturally	
   suppress	
   high	
   frequency	
  

components	
  when	
  selecting	
  for	
  the	
  fiducial	
  points.	
  	
  

Curve-­‐length	
  Transformation	
  

The	
  curve-­‐length	
  transformation	
  consisted	
  of	
  taking	
  the	
  sum	
  of	
  all	
  of	
  the	
  “lengths”	
  from	
  the	
  

current	
  index	
  back	
  to	
  a	
  “window”	
  w	
  away	
  from	
  the	
  current	
  index.	
  	
  

€ 

L (w,i) = Δt 2 + Δyk
2

k= i−w

i

∑ 	
  

Furthermore,	
  the	
  selection	
  of	
  the	
  window	
  width	
  should	
  approximately	
  be	
  the	
  width	
  of	
  the	
  

QRS	
  complex,	
  so	
  that	
  the	
  end	
  of	
  the	
  QRS	
  complex	
  is	
  detected	
  accurately	
  as	
  the	
  S	
  point,	
  and	
  

the	
  point	
  at	
   the	
  beginning	
  of	
   the	
   length	
  transformed	
  signal,	
  when	
  the	
   length-­‐transformed	
  

signal	
  is	
  beginning	
  to	
  significantly	
  rise	
  is	
  detected	
  as	
  the	
  Q	
  point.	
  

	
  
Figure	
  3-­	
  shows	
  the	
  curve	
  length	
  transformed	
  graph	
  of	
  one	
  of	
  the	
  120	
  averaged	
  beats	
  

of	
  our	
  data.	
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Decision	
  Rule	
  

For	
   the	
   single	
   beat	
   case,	
   the	
   threshold	
   value	
  was	
   initially	
   set	
   as	
   120	
   percent	
   of	
   average	
  

value	
   for	
   the	
   curve	
   length	
   transformed	
   data	
   within	
   the	
   estimated	
   QRS	
   complex.	
   The	
  

estimated	
  QRS	
  complex	
  was	
  calculated	
  visually	
  from	
  all	
  leads	
  overlaid	
  on	
  each	
  other.	
  If	
  this	
  

threshold	
  was	
  never	
  attained,	
  then	
  the	
  whole	
  method	
  was	
  retried	
  for	
  incrementally	
  smaller	
  

thresholds	
  until	
  the	
  threshold	
  was	
  met.	
  

	
  

Whenever	
   the	
   length-­‐transformed	
   signal	
   crossed	
   the	
   threshold	
   value,	
   this	
   point	
   was	
  

marked	
   as	
   a	
   crossing	
   point.	
   From	
   this	
   point	
   the	
   algorithm	
   searched	
   back	
   125ms	
   and	
  

forward	
  125ms	
  to	
  get	
  a	
  minimum	
  and	
  maximum	
  values,	
  which	
  we	
  will	
  call	
  Lmin	
  and	
  Lmax	
  

respectively.	
  Then	
  from	
  the	
  difference	
  between	
  Lmax	
  and	
  Lmin	
  (i.e.,	
  D	
  =	
  Lmax	
  –	
  Lmin),	
  we	
  

find	
   where	
   the	
   length-­‐transformed	
   signal	
   dropped	
   from	
   the	
   threshold	
   crossing	
   point	
   to	
  

Lmin	
  +	
  D/100,	
  which	
  we	
  marked	
  as	
  the	
  Q	
  point,	
  and	
  where	
  the	
  length	
  transformed	
  signal	
  

increased	
  from	
  the	
  threshold	
  crossing	
  point	
  to	
  max,	
  which	
  we	
  determine	
  as	
  the	
  S	
  point.	
  The	
  

actual	
   Q	
   and	
   S	
   points	
   need	
   to	
   respectively	
   be	
   adjusted	
   to	
   -­‐10	
   samples	
   and	
   10	
   samples,	
  

respectively.	
  	
  

End	
  of	
  T-­‐wave	
  Detection	
  Algorithm	
  	
  

This	
  region	
  of	
  our	
  methods	
  section	
  was	
  heavily	
  based	
  on	
  Zong’s	
  Computers	
  in	
  Cardiology	
  

2006	
  method7,	
  The	
  QRS	
  region	
  of	
  the	
  wave	
  was	
  originally	
  “zeroed-­‐out”,	
  but	
  since	
  our	
  data	
  

was	
  not	
  necessarily	
  at	
  baseline	
  before	
  and	
  after	
  the	
  QRS	
  segment,	
  we	
  zeroed-­‐out	
  the	
  QRS	
  

segment	
  by	
  simply	
  connecting	
  a	
   line	
  between	
   the	
  Q	
  and	
   the	
  S	
   segment	
  and	
   interpolating	
  

the	
  points	
  between	
  them.	
  Figure	
  2	
  shows	
  the	
  “zeroed-­‐out”	
  QRS	
  peak	
  from	
  our	
  own	
  data:	
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Figure	
  4	
  –	
  shows	
  the	
  “zeroed-­out”	
  QRS	
  peak,	
  and	
  as	
  you	
  can	
  see,	
   the	
  QRS	
  peak	
  was	
  

present	
  from	
  approximately	
  the	
  400th	
  index	
  to	
  the	
  600th	
  index.	
  

	
  

The	
  remaining	
  data	
  was	
  then	
  fed	
  through	
  the	
  length	
  transformation.	
  From	
  here,	
  a	
  line	
  was	
  

passed	
   from	
   between	
   the	
   peak	
   of	
   the	
   length-­‐transformed	
   data	
   to	
   the	
   end	
   of	
   the	
   signal.	
  

Finally,	
   by	
   rotating	
   the	
   data	
   between	
   these	
   two	
   points,	
   so	
   that	
   the	
   secant	
   line	
   was	
  

horizontal,	
  we	
   found	
   the	
  minimum	
  value.	
   This	
   index	
  was	
   then	
   added	
   to	
   the	
   index	
  of	
   the	
  

peak	
  value	
  to	
  give	
  the	
  end	
  of	
  T	
  fiducial	
  point.	
  This	
  idea	
  is	
  explained	
  in	
  the	
  picture	
  below.7

	
  
Figure	
  5-­	
  tilted	
  signal	
  minimum	
  search7	
  

Figure	
  5	
  shows	
  how	
  the	
  end	
  of	
  the	
  T-­‐wave	
  is	
  found	
  by	
  tilting	
  the	
  signal	
  until	
  the	
  diagonal	
  

line	
   between	
   the	
  maximum	
   of	
   the	
   length	
   transformed	
   signal	
   and	
   the	
   baseline	
   point	
   is	
   a	
  

horizontal	
   line.	
  Then	
  the	
  minimum	
  point	
   is	
   found	
   from	
  this	
   tilted	
  signal.	
  This	
   figure	
  does	
  

not	
   show	
   the	
   tilted	
   signal,	
   but	
   shows	
   the	
   point	
   at	
   which	
   there	
   is	
   a	
   minimum,	
   or	
   the	
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maximum	
   distance	
   between	
   the	
   line	
   and	
   the	
   length-­‐transformed	
   signal.	
   This	
   schematic	
  

figure	
  can	
  be	
  compared	
  to	
  that	
  taken	
  from	
  real	
  data	
  (shown	
  in	
  Figure	
  6	
  below).	
  

	
  
Figure	
  6-­	
  showing	
  the	
  tilted	
  signal	
  minimum	
  search	
  using	
  our	
  own	
  data.	
  	
  

Figure	
  6	
  shows	
  the	
  peak	
  of	
  the	
  length	
  transformed	
  signal,	
  as	
  well	
  as	
  the	
  baseline,	
  and	
  the	
  

line	
  connecting	
  the	
  two	
  of	
  them,	
  shown	
  here	
  as	
  the	
  “secant	
  line”.	
  The	
  maximum	
  distance	
  in	
  

the	
   tilted	
   minimum	
   search	
   was	
   calculated	
   to	
   be	
   the	
   blue	
   point	
   in	
   the	
   figure,	
   and	
   was	
  

therefore	
  chosen	
  to	
  be	
  the	
  end	
  of	
  T-­‐wave	
  for	
  this	
  data	
  set.	
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Figure	
   7-­	
   shows	
   the	
   same	
   secant	
   line	
   as	
   Figure	
   6	
   above	
   but	
   rotated,	
   such	
   that	
   the	
  

secant	
  line	
  is	
  horizontal.	
  This	
  figure	
  clearly	
  shows	
  how	
  the	
  end	
  of	
  T	
  is	
  found	
  as	
  the	
  

tilted	
   minimum.	
   The	
   red	
   star	
   in	
   this	
   figure	
   corresponds	
   to	
   the	
   T	
   point	
   in	
   blue	
  

depicted	
  in	
  Figure	
  6.	
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Figure	
  8-­	
  detection	
  of	
  the	
  end	
  of	
  the	
  T-­wave	
  as	
  shown	
  in	
  the	
  zeroed-­out	
  QRS	
  curve-­

length	
  transformed	
  data.	
  

	
  

	
  

Figure	
  9-­	
  Showing	
  all	
  of	
  the	
  detected	
  fiducial	
  points	
  as	
  indicated	
  by	
  the	
  figures	
  and	
  

texts	
  above.	
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Mapping	
  	
  

The	
  body	
  surface	
  mapping	
  was	
  done	
  the	
  following	
  way:	
  ECG	
  signals	
  were	
  taken	
  from	
  120	
  

leads	
  placed	
  on	
  18	
  strips	
  that	
  housed	
  the	
  leads	
  as	
  shown	
  in	
  Figure	
  10	
  below:	
  

	
  
Figure	
  10-­	
  placement	
  of	
  the	
  electrode	
  strips	
  as	
  applied	
  to	
  patient	
  specific	
  model.8	
  

The	
   electrodes	
   themselves	
   were	
   coated	
   with	
   a	
   radiolucent	
   Ag/AgCl	
   and	
   are	
   placed	
   in	
   a	
  

specific	
  arrangement	
  on	
  the	
  chest.	
  These	
  electrodes	
  were	
  then	
  connected	
  to	
  a	
  128-­‐channel	
  

acquisition	
  system	
  (Active	
  Two,	
  BioSemi,	
  Amsterdam,	
  Netherlands)	
  to	
  record	
  body	
  surface	
  

potentials.	
   The	
   128-­‐channel	
   acquisition	
   system	
   also	
   filtered	
   and	
   digitized	
   the	
   channels	
  

simultaneously	
  at	
  a	
  sampling	
  rate	
  of	
  2048	
  Hz.	
  The	
  data	
  was	
  then	
  filtered	
  using	
  customized	
  

MATLAB	
  software	
  using	
  a	
   low-­‐pass	
  100Hz,	
   a	
  high-­‐pass	
  0.25	
  Hz	
  and	
  a	
  notch	
  60	
  Hz	
   filter.	
  

Beat	
   averaging	
   is	
   done	
   to	
   improve	
   the	
   signal-­‐to-­‐noise	
   ratio,	
   as	
   well	
   as	
   to	
   obtain	
   one	
  

averaged	
  beat	
  for	
  each	
  lead	
  that	
  can	
  then	
  be	
  analyzed	
  even	
  further.	
  	
  

Inverse	
  Heart	
  Maps	
  

The	
   electrode	
   labeling,	
   and	
   heart-­‐torso	
   segmentation	
   were	
   done	
   by	
   Dr.	
   Dawoud	
   using	
  

commercial	
  software	
  (AmiraTM	
  4.1,	
  Mercury	
  Computer	
  Systems,	
  Chelmsford,	
  MA).	
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connected to form a three-dimensional mesh that represents 
each surface as a tessellation of planar triangles. Over the last 
decade, advanced imaging modalities—such as CT and MRI—
have made it possible to acquire anatomic scans with high reso-
lution, and thus, accurate patient-specific torso models can be 
readily generated.

We used axial CT scans (Siemens Sonata, Erlangen, Germany) 
acquired in supine position to generate patient-specific torso 
models. The location of body surface electrodes was estimated 
from known constraints: in-strip (5 cm) and between-strip 
( 2.5 cm) interelectrode distance, and correspondence with 
anatomic landmarks (location of precordial leads with refer-
ence to intercostal spaces). Figure 12–4 shows an example of 

the estimated distribution of 120 electrodes for BSPM on the 
patient-specific torso surface.

The 120 patient-specific locations of electrodes were then 
used as vertices to create a triangulated closed surface of the 
outer torso. A method was developed to make this patient-spe-
cific triangulation compatible with the Dalhousie standard 352-
node torso geometry. (The Dalhousie standard torso consists of 
352 nodes, which are vertices of 700 triangular area elements of 
the body surface.) Figure 12–5 illustrates the generation of the 
customized 352-node torso.

Generation of the discretized epicardial surface involved 
two steps: segmentation and triangulation. CT images were 
imported into the Amira package (Mercury Computer 

V1 V2

V4
V6

5 cm

FIGURE 12–4. Dalhousie standard array of electrodes applied on the patient-specific torso surface. Anterior (left) and posterior (right) views of the torso surface with superimposed 
locations of 120 electrodes (yellow beads); there are 18 strips (as those in white rectangles) with four to eight electrodes in each, 12 strips on the anterior torso (extending from 
right to left mid-axillary line) and 6 strips on the posterior torso.

FIGURE 12–5. Patient-specific modification of the standard Dalhousie torso. From left to right are anterior, left sagittal, and posterior views of the standard Dalhousie torso (blue) 
aligned with the triangulated surface (red) of patient-specific locations of the 120 surface electrodes (yellow beads). After scaling, node coordinates for the 352-node patient-specific 
torso model were generated by means of Laplacian interpolation of the patient-specific coordinates for electrode sites.

12-Wagner_Ch12_p_204-220.indd   207 10/4/10   3:15:07 PM
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Figure	
  11-­	
  This	
  figure	
  shows	
  the	
  segmentation	
  of	
  the	
  heart	
  with	
  respect	
  to	
  the	
  body	
  

surface	
   mesh.	
   Left-­most	
   panel	
   shows	
   anterior	
   view,	
   the	
   center	
   panel	
   shows	
   the	
  

sagittal	
  view,	
  and	
  the	
  right-­most	
  panel	
  shows	
  the	
  posterior	
  view.	
  8	
  

	
  

The	
  electric	
  potential	
  distribution	
  of	
  the	
  heart’s	
  epicardial	
  ventricles	
  (VH)	
  are	
  related	
  to	
  the	
  

body	
  surface	
  potential	
  (VB),	
  using	
  the	
  following	
  linear	
  transformation:	
  	
  

VB	
  =	
  A	
  *	
  VH	
  
One	
  should	
  be	
  cautious	
  about	
  using	
  this	
  method,	
  however,	
  since	
  small	
  errors	
  in	
  the	
  surface	
  

potentials	
   could	
   generate	
   unbounded	
   error	
   in	
   the	
   solution.	
   Inverse	
   epicardial	
   potentials	
  

were	
   calculated	
   using	
   a	
   method	
   called	
   Tikhonov	
   regularization.	
   The	
   regularization	
  

parameter	
   (t)	
   is	
   determined	
   according	
   to	
   the	
   following	
   minimization	
   problem	
   stated	
  

below:	
  	
  

€ 

min {|| AVH −VB ||
2 + t ||VH ||

2} 	
  

The	
   algorithms	
   for	
   calculating	
   the	
   inverse	
   were	
   developed	
   and	
   tested	
   in	
   MATLAB’s	
  

computing	
  package	
  by	
  our	
  mentor	
  Dr.	
  Fady	
  Dawoud.	
  	
  

Clinical	
  Markers	
  

We	
   measured	
   various	
   clinical	
   markers	
   including	
   absolute	
   QRST,	
   native	
   QRST	
   integral,	
  

which	
   was	
   simply	
   the	
   natural	
   QRST	
   integral	
   (i.e.,	
   not	
   the	
   absolute	
   value),	
   peak-­‐to-­‐peak	
  

voltage	
  of	
  the	
  R	
  wave,	
  which	
  consisted	
  of	
  measuring	
  the	
  maximum	
  point	
  in	
  the	
  QRS	
  wave	
  

and	
   the	
  minimum	
   point	
   in	
   the	
   QRS	
  wave	
   and	
   finding	
   the	
   difference	
   between	
   these	
   two	
  

voltage	
  values.	
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Systems, Chelmsford, MA), and an oblique slicing plane par-
allel to the coronary sinus was defined to facilitate segmenta-
tion of the ventricles down to the left ventricular apex. The 
labeled ventricles were then triangulated. Figure 12–6 shows 
the discretized epicardial surface, the section of the torso, and 
the oblique cut of the CT data through the coronary sinus to 
facilitate segmentation and discretization. Multiple passes of 
spatial filtering were applied to render a smooth surface.

INVERSE PROBLEM IN TERMS OF EPICARDIAL 
POTENTIALS

The objective of ECG imaging is to solve the inverse problem 
defined as the calculation of epicardial potential distributions 
from potential distributions acquired on the body surface (BSPM 
data). Whereas the mathematical solution of the forward problem 
of ECG is unique and depends continuously on the data (ie, the 
problem is “well posed”), the solution of the inverse problem may 
be neither unique nor depending continuously on the data (in 
which case, the problem is said to be “ill posed”), and small errors 
in the input data can generate unbound errors in the inverse 
solution. Thus, any attempted inverse solution usually requires 
that auxiliary constraints be imposed. The “ill-posedness” of the 
problem can be determined by examining the singular values of 
the transfer matrix A of Equation 12–1. Methods of mathemati-
cal regularization of ill-posed problems, most notably Tikhonov 
regularization,23 provide a key to their solution. Tikhonov regu-
larization, applied to solving the inverse problem of ECG in terms 
of epicardial potentials, was our method of choice. 

The inverse problem is to estimate the Equation 12–1 epicar-
dial potentials 

H
 from the measured body-surface potentials 

B
 and the transfer matrix A. Because both 

B
 and 

H
 are 

functions of time (body surface ECGs and heart surface electro-
grams, respectively), the inverse problem has to be solved at a 
series of time instants. At each instant, the solution for 

H
 can 

be estimated by using Tikhonov regularization, which aims to 
solve a perturbed version of the least squares problem, 

  min || ||
H

{ A B }H B H|| ||2 2 2  (12–2)

AU: 
Sentence 
begin-
ning “The 
inverse 
problem 
is to esti-
mate the 
Equation 
12.1...” 
okay as 
edited?

where ||.|| denotes the l2  norm,  is the regularization param-
eter, and B is the regularizing operator. For a given A and 
appropriately selected   0, a solution 

H
 ( ) of the perturbed 

minimization problem in Equation 12–2 can be obtained from 
the generalized form of normal equations, which is derived by 
means of the generalized singular value decomposition. 

Given a sequence of sampled BSPM data 
B
 for a specific 

patient, together with the generalized singular value decomposi-
tion of the transfer matrix A and regularizing operator B for that 
patient (Appendix A), the solution for the epicardial potential 
distribution 

H
 at each time step is calculated in two steps. First 

the regularization parameter  is determined by one of several 
possible methods (Appendix B), and then, using Equation 12–A4 
in Appendix A, the corresponding epicardial potential distribu-
tion 

H
 is evaluated.

APPLICATION OF ECG IMAGING IN CLINICAL 
ELECTROPHYSIOLOGY
The ECG inverse solution can be applied to aid catheter abla-
tion of scar-related VT, which is still one of the most challenging 
procedures in clinical electrophysiology. The majority of these 
tachycardias are poorly tolerated or difficult to induce, and 
they frequently transform to other tachycardia morphologies.24 
Successful ablation of scar-related VT requires an understand-
ing of its mechanism and of the underlying electroanatomic 
substrate. Such insight can be partly achieved by percutaneous 
endocardial or epicardial mapping with a single catheter, which 
is steered to multiple sites to define the substrate for arrhyth-
mia during sinus rhythm.25-27 However, this alone is often not 
sufficient for predicting successful ablation sites; some tachy-
cardias are “unmappable” with point-by-point mapping, and 
alternative methods for identifying exit sites for these tachycar-
dias have to be sought.28 One of the frequently used methods 
is pace mapping in the peri-infarct zone.29 Our objective here 
was to investigate how BSPM and the ECG inverse solution, 
in conjunction with pace mapping, can be used to facilitate 
radiofrequency ablation of scar-related VT. 

AU: “...
where ||.|| 
denotes 
the l

2
  

norm,  is 
the regu-
larization 
parameter, 
and B is 
the regu-
larizing 
operator” 
correct as 
meant?

FIGURE 12–6. Segmentation and discretization of epicardial surface. From left to right are anterior, right sagittal, and posterior views of discretized epicardial surface (green), 
selected sections of the torso (red transparent mesh), and oblique cut of the computed tomography data through the coronary sinus.
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As	
  mentioned	
  previously,	
  SAI	
  QRST	
  is	
  believed	
  to	
  represent	
  the	
  heterogeneity	
  of	
  the	
  heart’s	
  

conductive	
  tissue,	
  and	
  thus,	
  by	
  being	
  able	
  to	
  localize	
  this	
  metric,	
  we	
  can	
  hypothesize	
  about	
  

the	
   functioning	
   ability	
   of	
   various	
   areas	
   of	
   heart	
   tissue,	
   and	
   thus	
   localize	
   arrhythmogenic	
  

foci	
  or	
  areas	
  that	
  are	
  scarred	
  by	
  myocardial	
  infarctions.	
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Figures	
  of	
  Results:	
  

	
  
Figure	
  12-­	
  shows	
  various	
  epicardial	
  maps	
  of	
  the	
  patient	
  whom	
  we	
  analyzed	
  including	
  

SAI	
   QRST,	
   Peak-­to-­Peak	
   Voltage,	
   as	
   well	
   as	
   the	
   total	
   repolarization	
   time	
   (QT	
  

interval).	
  



Sindhoora	
  Murthy	
  and	
  Markus	
  Kowalsky	
  
CIS	
  II	
  600.446	
  –	
  “Intracardiac	
  Mapping	
  of	
  SAI	
  QRST	
  and	
  Other	
  Clinical	
  Markers”	
  
Page	
  16	
  of	
  21	
  

Discussion	
  

	
  
In	
   relation	
   to	
   the	
   scar,	
   which	
   was	
   identified	
   though	
   an	
   MRI	
   scan	
   by	
   our	
   mentor	
   Dr.	
  

Tereshchenko,	
   we	
   found	
   that	
   there	
   was	
   a	
   strong	
   correlation	
   between	
   areas	
   of	
   low	
   SAI	
  

QRST	
  and	
  places	
  where	
  a	
  scar	
  was	
  present,	
  as	
  evidenced	
  by	
  that	
  area’s	
  inability	
  to	
  contract,	
  

and	
  areas	
  of	
  high	
  SAI	
  QRST	
  and	
  places	
  where	
  hypertrophied	
  tissue	
  was	
  present.	
  This	
  gives	
  

weight	
   to	
   our	
   hypothesis	
   that	
   low	
   SAI	
   QRST	
   represents	
   an	
   area	
   of	
   slow	
   conduction	
   as	
  

described	
  by	
  Okazaki	
  et.	
  al.3	
  However,	
  as	
  you	
  can	
  see	
  from	
  Figure	
  12-­‐	
  the	
  SAI	
  QRST	
  maps	
  

and	
  the	
  peak-­‐to-­‐peak	
  voltages	
  are	
  nearly	
   the	
  same,	
  so	
  a	
  possible	
   future	
  step	
  would	
  be	
   to	
  

determine	
  the	
  relationship	
  between	
  SAI	
  QRST	
  and	
  other	
  clinical	
  markers.	
  We	
  believe	
  that	
  

this	
  method	
  could	
  be	
  also	
  used	
  to	
  localize	
  scars	
  before	
  CRT	
  device	
  implantation,	
  so	
  that	
  the	
  

leads	
   can	
   be	
   placed	
   optimally.	
   Our	
   results	
   correlate	
   with	
   those	
   of	
   previous	
   similar	
  

studies.2,3,8	
   From	
   Okazaki’s	
   work,	
   which	
   randomly	
   modeled	
   action	
   potential	
   duration	
  

heterogeneity	
   by	
   randomly	
   generating	
   different	
   action	
   potential	
   duration	
   lengths,	
   it	
  was	
  

found	
   that	
   the	
   QRST	
   integral	
   (native	
   QRST	
   integral),	
   curiously	
   decreased	
   even	
   though	
  

action	
  potential	
  duration	
  increased.	
  This	
  was	
  a	
  paradoxical	
  finding,	
  because	
  traditionally	
  a	
  

higher	
  Q-­‐T	
  duration	
  was	
  thought	
  to	
  be	
  representative	
  of	
  a	
  more	
  diseased	
  heart.	
  However,	
  it	
  

has	
   recently	
   come	
   to	
   light	
   that	
   areas	
   of	
   low	
   QRST	
   actually	
   represent	
   a	
   significant	
  

cancellation	
  of	
  forces	
  due	
  to	
  the	
  many	
  misaligned	
  electric	
  dipoles	
  of	
  the	
  heart,	
  and	
  that	
  in	
  

fact,	
   a	
   healthy	
   heart	
   should	
   normally	
   have	
   far	
   more	
   aligned	
   electrical	
   potentials	
   since	
  

conduction	
  is	
  more	
  heterogeneous	
  and	
  the	
  voltage	
  that	
   is	
  picked	
  up	
  on	
  the	
  surface	
  of	
  the	
  

body	
  is	
  a	
  sum	
  of	
  the	
  aligned	
  electric	
  potential	
  and	
  is	
  thus	
  larger.	
  	
  

	
  

Future	
  Work	
  

There	
  are	
  many	
  avenues	
  for	
  future	
  work	
  on	
  this	
  project.	
  Several	
  of	
  these	
  steps	
  will	
  likely	
  be	
  

implemented	
  this	
  summer,	
  as	
  Sindhoora	
  will	
  be	
  working	
  with	
  Dr.	
  Tereshchenko	
  and	
  Dr.	
  

Dawoud.	
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Modeling	
  of	
  Edema	
  and	
  Hypertrophy	
  

It	
  is	
  well	
  known	
  that	
  edema	
  and	
  hypertrophy	
  affect	
  the	
  conduction	
  properties	
  of	
  tissue,	
  and	
  

therefore	
  would	
  affect	
  the	
  signal	
  that	
  is	
  picked	
  up	
  on	
  the	
  surface	
  of	
  the	
  heart.	
  If	
  we	
  could	
  

somehow	
  account	
  for	
  these	
  differences	
  while	
  finding	
  the	
  inverse	
  solution,	
  a	
  more	
  accurate	
  

model	
  may	
  be	
  constructed.	
  However,	
  there	
  remains	
  some	
  contention	
  as	
  to	
  whether	
  these	
  

parameters	
  will	
  significantly	
  improve	
  the	
  model	
  or	
  just	
  increase	
  the	
  complexity.	
  

Correlation	
  with	
  Myocardial	
  Infarction	
  

If	
  we	
  could	
  correlate	
  the	
  areas	
  that	
  have	
  a	
  lower	
  SAI	
  QRST	
  or	
  peak-­‐to-­‐peak	
  voltage,	
  which	
  

shows	
  areas	
  of	
  slower	
  conduction,	
  and	
  we	
  could	
  somehow	
  show	
  (perhaps	
  with	
  overlays)	
  

how	
  areas	
  of	
  the	
  slower	
  conduction	
  are	
  correlated	
  with	
  low	
  SAI	
  QRST,	
  then	
  that	
  would	
  also	
  

confirm	
  our	
  hypothesis	
  that	
  voltage	
  or	
  power	
  inverse	
  maps	
  of	
  the	
  heart	
  are	
  a	
  good	
  way	
  to	
  

non-­‐invasively	
  locate	
  areas	
  of	
  poor	
  conduction	
  and	
  therefore	
  localize	
  arrhythmogenic	
  foci.	
  

This	
  step	
  in	
  our	
  future	
  work	
  would	
  add	
  evidence	
  as	
  to	
  whether	
  or	
  not	
  SAI	
  QRST	
  represents	
  

a	
  measure	
   of	
   the	
   electrical	
   heterogeneity	
   of	
   the	
   heart,	
   and	
  whether	
   a	
   three-­‐dimensional	
  

mapping	
  of	
  this	
  parameter	
  would	
  be	
  useful.	
  

Larger	
  Sample	
  Size	
  

Since	
  this	
  an	
  ongoing	
  study,	
  more	
  data	
  from	
  patients	
  is	
  being	
  collected,	
  and	
  once	
  analyzed,	
  

should	
  allow	
  us	
  to	
  make	
  more	
  certain	
  conclusions	
  about	
  our	
  research.	
  

Tool	
  to	
  Study	
  Mechanism	
  of	
  Electrical	
  Remodeling	
  

Optimal	
   lead	
   placement	
  must	
   also	
   be	
   studied,	
   since	
   we	
  will	
   be	
   working	
   with	
   data	
   from	
  

patients	
   before	
   device	
   implantation,	
   after	
   device	
   implantation,	
   and	
   a	
   follow-­‐up	
   months	
  

after	
  implantation.	
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Management	
  Summary	
  
	
  

Division	
  of	
  Labor	
  

Both	
  members	
  worked	
  on	
  all	
  aspects	
  of	
  the	
  project:	
  this	
  included	
  researching	
  background	
  

information,	
  discussion	
  with	
  mentors,	
  as	
  well	
  as	
  coding	
  and	
  testing	
  algorithms.	
  Markus	
  did	
  

a	
  lot	
  of	
  work	
  with	
  code	
  development	
  and	
  validation,	
  and	
  Sindhoora	
  handled	
  the	
  final	
  write-­‐

up	
  as	
  well	
  as	
  researching	
  background	
  information	
  and	
  discussing	
  with	
  mentors.	
  	
  	
  	
  

What	
  Was	
  Accomplished	
  vs.	
  Planned	
  

We	
   accomplished	
   far	
  more	
   than	
  was	
   originally	
   planned.	
  We	
   essentially	
   added	
   two	
  more	
  

milestones	
  to	
  our	
  initial	
  plan	
  and	
  deleted	
  milestone	
  2	
  since	
  it	
  was	
  no	
  longer	
  a	
  relevant	
  step	
  

in	
  our	
  plan.	
  	
  Below	
  is	
  a	
  diagram	
  of	
  both	
  our	
  initial	
  plan	
  as	
  well	
  as	
  our	
  modified	
  plan.	
  

Initial	
  Plan:	
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Final	
  Plan:	
  

	
  

Future	
  Work	
  	
  

As	
  discussed	
  above,	
  this	
  project	
  will	
  be	
  continued	
  in	
  the	
  summer	
  since	
  Sindhoora	
  will	
  be	
  on	
  

campus	
  this	
  summer,	
  and	
  will	
  be	
  working	
  with	
  Dr.	
  Tereshchenko	
  and	
  Dr.	
  Dawoud.	
  Possible	
  

areas	
  of	
   future	
  work,	
  are	
  outlined	
  in	
  greater	
  detail	
  above,	
  but	
   include	
  modeling	
  of	
  edema	
  

and	
  hypertrophy,	
  correlation	
  of	
  location	
  of	
  lower	
  SAI	
  QRST	
  with	
  myocardial	
  infarction,	
  as	
  

well	
   as	
   exploring	
   the	
   possibility	
   that	
   this	
   technology	
   could	
   also	
   be	
   used	
   to	
   study	
   the	
  

mechanism	
  behind	
  the	
  phenomenon	
  of	
  electrical	
  remodeling.	
  

Lessons	
  Learned	
  	
  

• Areas	
  of	
   low	
  SAI	
  QRST	
   corresponded	
   to	
   areas	
  of	
   scar	
   and	
  areas	
  of	
  high	
  SAI	
  QRST	
  

correspond	
  with	
  hypertrophied	
  tissue	
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• Finding	
  fiducial	
  points	
  is	
  difficult	
  to	
  completely	
  automate	
  with	
  only	
  a	
  single	
  beat	
  as	
  

many	
  existing	
  methods	
  are	
  not	
  valid	
  for	
  singular	
  beats	
  

• Small	
   errors	
   in	
   recording	
  equipment	
   can	
   lead	
   to	
  unbounded	
  errors	
   in	
   the	
  metrics	
  

measured,	
   therefore	
   we	
  must	
   do	
   additional	
   testing	
   to	
   validate	
   whether	
   points	
   of	
  

singularity	
   are	
   artifacts	
   of	
   random	
   variability	
   in	
   the	
   system	
   or	
   if	
   they	
   actually	
  

represent	
  heterogeneous	
  conduction	
  and	
  dispersion.	
  	
  

	
  

All	
  of	
  the	
  code	
  is	
  uploaded	
  onto	
  the	
  website.	
  	
  

	
  

	
  


