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(54)  Implantable  cardiac  stimulation  device 

(57)  An  implantable  cardiac  device  for  providing  car- 
dioversion  and  defibrillation  therapies  is  provided,  which 
forecasts  time-to-therapy  based  on  battery  voltage  deg- 
radation  and  provides  an  enhanced  energy  shock  in  the 

event  a  predetermined  threshold  time  is  reached.  The 
device  also  monitors  elapsed  time-to-therapy  to  deter- 
mine  whether  the  predetermined  threshold  time  is  ex- 
ceeded  and  sets  the  energy  content  of  the  therapeutic 
shock  accordingly. 
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Description 

This  invention  relates  to  cardiac  stimulating  devices 
and  particularly  to  implantable  cardiac  stimulating  de- 
vices  that  deliver  therapeutic  shocks  to  cardiac  tissue  to 
interrupt  pathological  cardiac  arrhythmias.  More  partic- 
ularly,  this  invention  is  directed  to  a  system  and  method 
for  increasing  the  energy  content  of  a  therapeutic  cardi- 
oversion  or  defibrillation  shock  as  a  function  of  any  time 
delay  from  the  initial  onset  of  an  arrhythmia  to  the  time 
treatment  will  be  administered. 

The  typical  adult  sinus  rhythm  range  is  between 
about  65  and  about  85  heartbeats  per  minute  (bpm). 
Generally,  rates  between  60  and  100  bpm  are  not  a 
cause  for  concern.  This  range  is  referred  to  as  the  nor- 
mal  sinus  rate  range.  Rates  falling  outside  the  sinus  rate 
range  are  known  as  arrhythmias.  An  arrhythmia  in  which 
the  sinus  rate  is  above  1  00  bpm  is  called  a  tachycardia. 
An  arrhythmia  in  which  the  sinus  rate  is  below  60  bpm 
is  called  a  bradycardia.  Common  ventricular  arrhythmi- 
as  include  ventricular  tachycardia  (VT)  and  ventricular 
fibrillation  (VF).  Ventricular  arrhythmias  are  generally 
considered  to  be  of  greater  concern  than  other  types  of 
arrhythmias  due  to  the  resultant  loss  of  a  substantial 
amount  of  cardiac  output. 

VT  is  a  condition  where  an  abnormally  high  ven- 
tricular  heart  rate  severely  affects  the  ability  of  the  heart 
to  pump  blood.  VT  may  result  in  a  loss  of  consciousness 
due  to  a  decrease  in  cardiac  output. 

Sustained  episodes  of  VT  are  particularly  danger- 
ous  because  they  may  deteriorate  into  VF. 

VF  is  the  most  life  threatening  arrhythmia.  VF  is  the 
result  of  rapid  and  disordered  stimulation  of  the  ventri- 
cles  which  prevents  them  from  contracting  in  a  coordi- 
nated  fashion.  This  results  in  a  severe  drop  in  cardiac 
output  as  the  pumping  ability  of  the  ventricles  is  com- 
promised.  VF  leads  to  tissue  narcosis  due  to  the  lack  of 
an  oxygenated  blood  supply  and  may  result  in  the  death 
of  the  individual  within  minutes  if  left  untreated.  An  ef- 
fective  method  of  terminating  VF  is  internal  or  external 
defibrillation,  using  a  high  energy  electrical  shock  pro- 
vided  by  an  implantable  or  external  defibrillator. 

Defibrillators  are  a  species  of  cardioverters.  In  con- 
trast  to  pacemakers,  cardioverters  deliver  a  relatively 
high  energy  shock  to  the  myocardial  tissue.  Among  car- 
dioverters,  defibrillators  administer  shocks  having  the 
greatest  energy  content.  Both  cardioverters  and  defibril- 
lators  discharge  a  relatively  large  electrical  shock 
across  the  heart  in  order  to  simultaneously  depolarize 
all  myocardial  tissue.  This  allows  the  heart's  SA  node, 
which  has  the  fastest  spontaneous  discharge  cells  and 
acts  as  the  heart's  natural  pacemaker,  to  regain  pacing 
control  and  return  the  heart  to  within  the  normal  sinus 
rhythm  range.  While  cardioversion  is  used  for  tachycar- 
dias  of  varying  rates  and  severity,  defibrillation  is  only 
used  when  the  heart  is  fibril  lating. 

Generally,  during  cardioversion,  a  therapeutic  elec- 
trical  charge  is  delivered  at  about  the  same  time  a  QRS 

complex  occurs  -  to  prevent  the  possibility  of  aggravat- 
ing  a  tachycardia  by  either  accelerating  its  frequency  or 
by  inducing  the  heart  into  ventricular  fibrillation.  Thera- 
peutic  cardioversion  energies  have  a  wide  range  -  typ- 

5  ically  from  about  0.05  joules  to  about  10  joules.  During 
fibrillation  the  heart  quivers  instead  of  beats.  Thus,  de- 
fibrillation  shocks,  in  contrast  to  cardioversion  shocks, 
cannot  be  synchronized  with  a  QRS  complex  because 
the  QRS  complexes  are  not  discernable.  Typical  defi- 

10  brillation  energies  range  from  about  5  joules  to  about  40 
joules.  It  is  desirable  to  expose  the  patient  to  the  least 
amount  of  energy  and  the  least  number  of  shocks  while 
maintaining  a  high  probability  of  terminating  the  arrhyth- 
mia. 

is  The  lack  of  a  suitable  energy  source  was  a  major 
impediment  to  the  development  of  modern  implantable 
cardiac  devices  and  particularly  cardioverter-defibrilla- 
tors.  Initially,  mercury  zinc  and  later  lithium  iodine  cells 
were  used,  but  they  were  unable  to  provide  the  peak 

20  current  requirements  for  cardioverter-defibrillators, 
which  typically  are  in  the  range  from  about  one  to  about 
two  amperes  for  approximately  1  0  seconds.  Lithium  va- 
nadium  pentoxide  batteries  were  able  to  meet  this  re- 
quirement,  but  had  a  characteristic  precipitous  voltage 

25  decline  towards  the  end  of  their  useable  life.  These  bat- 
teries  were  abandoned  because  of  the  difficulty  in  accu- 
rately  determining  the  remaining  life  of  the  battery.  Cur- 
rently,  lithium  silver  vanadium  pentoxide  cells  are  fa- 
vored  for  two  reasons:  (1  )  they  have  greater  energy  den- 

so  sity  (i.e.,  more  milliampere-hours  stored  per  unit  of  bat- 
tery  volume  combined  with  a  lower  internal  resistance); 
and  (2)  they  have  a  gradual  voltage  decline  over  their 
usable  life.  The  latter  characteristic  allows  for  a  more 
accurate  prediction  of  when  the  battery's  useable  life  is 

35  near  its  end.  However,  as  will  be  discussed  below,  be- 
cause  battery  voltage  declines  with  use  and  time,  the 
time  needed  to  develop  high  voltage  across  a  capacitor 
increases  as  the  battery  ages.  This  principle  is  true  for 
all  types  of  batteries  since  all  batteries  suffer  from  that 

40  same  limitation  -  namely,  that  available  energy  invaria- 
bly  decreases  with  time  and  usage. 

Because  the  cardioversion  or  defibrillation  voltage 
required  is  higher  than  available  battery  voltages,  which 
are  typically  on  the  order  of  6.4  volts  (two  3.2  volt  cells 

45  in  series),  a  DC/DC  converter  is  typically  used  to  devel- 
op  high  voltages.  The  DC/DC  oscillatortakes  the  battery 
voltage  and  produces  a  high  frequency  pulsed  voltage 
substantially  equal  in  magnitude  to  the  battery  voltage. 
This  high  frequency  pulsed  voltage  is  converted  by  the 

so  DC/DC  converter  to  high  voltage  typically  by  using  a 
"step-up"  transformer.  This  high  frequency,  high  voltage 
is  then  full-wave  rectified.  The  rectified  voltage  is  ap- 
plied  to  a  pair  of  high  voltage  capacitors  which  charge 
incrementally  with  each  rectified  voltage  pulse.  Double 

55  anode  aluminum  electrolytic  capacitors  are  typically 
used  in  modern  cardiac  devices. 

When  an  implantable  cardiac  device  senses  fibril- 
lation,  a  finite  amount  of  time  is  required  to  charge  the 

2 
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capacitors  to  their  target  voltage  which  can  be  prese- 
lected  by  a  physician.  The  charge  time  of  the  capacitors 
is  dependent  upon  any  remaining  charge  from  a  previ- 
ous  high  voltage  therapy  event  or  capacitor  reformation, 
the  battery  current  and  voltage,  and  the  combined  ca- 
pacitance  of  the  capacitors.  As  a  consequence,  when 
battery  voltage  or  current  output  decreases,  it  takes 
longer  to  develop  the  desired  target  voltage  on  the  ca- 
pacitors.  This  directly  translates  to  a  longer  time-to-ther- 
apy  because  the  cardioverter-defibrillator  waits  for  the 
capacitor  to  charge  to  the  target  voltage  before  deliver- 
ing  the  shock.  Typically,  at  least  two  capacitors  are  used 
in  series  to  facilitate  higher  predetermined  or  calculated 
critical  time.  Previously  known  devices  also  do  not  com- 
pensate  for  delays  in  administering  therapy  caused  by 
inherent  device  characteristics.  In  addition,  current  de- 
vices  do  not  provide  a  way  of  forecasting  the  time-to- 
therapy  in  order  to  set  an  appropriate  energy  value  in 
advance  of  a  cardiac  event. 

What  is  needed,  therefore,  is  an  automatic  implant- 
able  cardiac  stimulating  device  that  forecasts  the  time 
delay  between  the  onset  of  a  tachyarrhythmia  episode 
and  the  delivery  of  therapy.  The  device  should  deter- 
mine  the  need  for  an  increased  energy  shock  on  the  ba- 
sis  of  a  comparison  between  a  forecasted  time-to-ther- 
apy  and  a  predetermined  critical  time.  In  addition,  an  im- 
plantable  cardiac  stimulating  device  is  needed  that  de- 
termines  an  actual  elapsed  time-to-therapy  (i.e.,  from 
the  initial  onset  of  an  arrhythmia  to  the  time  a  therapeutic 
shock  is  delivered)  and  compares  that  elapsed  time-to- 
therapy  with  the  critical  time  to  determine  if  an  increased 
energy  shock  is  required. 

According  to  the  invention,  there  is  provided  an  im- 
plantable  cardiac  stimulating  device  for  administering 
therapeutic  shocks  to  a  patient's  heart  to  interrupt  car- 
diac  arrhythmias,  the  device  comprising:  shock  gener- 
ation  and  delivery  circuitry  arranged  to  generate  a  ther- 
apeucic  shock  at  one  of  (a)  a  nominal  energy  level,  and 
(b)  an  increased  energy  level,  and  to  deliver  the  thera- 
peutic  shock  to  the  patient's  heart;  and  control  means 
for  detecting  the  onset  of  a  cardiac  arrhythmia;  charac- 
terised  in  that  the  shock  generation  and  delivery  circuitry 
require  an  amount  of  time  from  the  onset  of  a  cardiac 
arrhythmia  to  generate  and  deliver  the  therapeutic 
shock,  the  amount  of  time  varying  as  a  function  of  a  de- 
vice  operational  parameter;  and  the  control  means  is  ar- 
ranged  to  monitor  the  device  operational  parameter  to 
forecast  the  amount  of  time  required  from  the  onset  of 
a  cardiac  arrhythmia  for  the  shock  generation  and  de- 
livery  circuitry  to  generate  and  deliver  the  therapeutic 
shock,  to  cause  the  shock  generation  and  delivery  cir- 
cuitry  to  generate  and  deliver  the  therapeutic  shock  at 
the  nominal  energy  level  when  the  forecasted  time  is 
less  than  a  prescribed  critical  time,  and  to  causing  the 
shock  generation  and  delivery  circuitry  to  generate  and 
deliver  the  therapeutic  shock  at  the  increased  energy 
level  when  the  forecasted  time  equals  or  exceeds  the 
prescribed  critical  time. 

The  invention  also  extends  to  a  method  of  adminis- 
tering  therapeutic  shocks  from  an  implantable  cardiac 
stimulating  device  to  a  patient's  heart  to  interrupt  cardiac 
arrhythmias,  the  method  comprising  the  steps  of:  de- 

5  tecting  the  onset  of  a  cardiac  arrhythmia;  monitoring  the 
device  operational  parameter  to  forecast  the  amount  of 
time  required  from  the  onset  of  a  cardiac  arrhythmia  to 
generate  and  deliver  the  therapeutic  shock;  selecting 
the  nominal  energy  level  for  the  therapeutic  shock  when 

10  the  forecasted  time  is  less  than  a  prescribed  critical  time; 
selecting  the  increased  energy  level  for  the  therapeutic 
shock  when  the  forecasted  time  equals  or  exceeds  the 
prescribed  critical  time;  and  generating  a  therapeutic 
shock  at  one  of  (a)  a  nominal  energy  level,  and  (b)  an 

is  increased  energy  level,  and  delivering  the  therapeutic 
shock  to  the  patient's  heart,  wherein  an  amount  of  time 
from  the  onset  of  a  cardiac  arrhythmia  is  required  to  gen- 
erate  and  deliver  the  therapeutic  shock,  the  amount  of 
time  varying  as  a  function  of  a  device  operational  pa- 

20  rameter. 
The  disadvantages  and  limitations  of  previously 

known  devices  are  overcome  by  the  present  invention. 
With  this  invention,  an  improved  automatic  implantable 
cardiac  stimulating  device  that  computes  a  forecasted 

25  time-to-therapy  by  monitoring  certain  device  operational 
parameters  and  that  provides  an  increased  energy 
shock  in  the  event  the  forecasted  time-to-therapy  ex- 
ceeds  a  predetermined  critical  time  is  provided,  without 
the  need  for  additional  hardware.  In  addition,  this  inven- 

30  tion  can  also  determine  the  need  for  an  increased  ener- 
gy  shock  by  recording  the  elapsed  time  between  the  on- 
set  of  a  tachyarrhythmia  episode  and  the  time  therapy 
is  administered,  and  comparing  that  elapsed  time  with 
a  predetermined  critical  time. 

35  It  has  been  realized  that  in  order  to  achieve  a  given 
probability  of  success,  the  shock  energy  must  be  in- 
creased  significantly  after  a  certain  amount  of  time  has 
passed  after  the  onset  of  a  tachyarrhythmia.  The 
present  invention  operates  to  ensure  that  only  shocks 

40  having  a  high  probability  of  success  are  delivered.  Pa- 
tients  benefit  from  the  present  invention,  because  the 
first  therapeutic  shock  delivered  has  a  high  probability 
of  terminating  the  arrhythmia.  In  addition,  by  delivering 
only  shocks  that  have  a  high  probability  of  success,  bat- 

45  tery  energy  is  conserved,  because  energy  is  not  need- 
lessly  expended  on  initial  failed  therapies.  By  conserv- 
ing  energy  in  this  manner,  battery  life  is  prolonged. 

The  present  invention  monitors  actual  battery  per- 
formance  and  uses  that  data  to  compute  a  forecasted 

so  time-to-therapy  based  upon,  at  least  in  part,  the  time  it 
will  take  to  charge  a  pair  of  capacitors  to  a  target  poten- 
tial.  The  present  invention  also  determines  the  total 
elapsed  time  from  the  onset  of  a  tachyarrhythmia  to  just 
prior  to  the  delivery  of  a  therapeutic  shock.  The  forecast- 

's  ed  time-to-therapy  and  the  elapsed  time-to-therapy  are 
compared  to  a  critical  time  to  determine  the  need  for  an 
increased  energy  therapeutic  charge. 

The  critical  time  is  not  a  permanently  set  value. 

3 
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Rather,  the  physiological  differences  among  individuals 
and  the  numerous  causes  of  arrhythmias  dictate  that  the 
physician,  being  most  knowledgeable  about  the  circum- 
stances,  be  given  deference  regarding  the  selection  of 
the  critical  time.  The  physician  is  also  given  deference 
in  choosing  the  energy  content  of  a  shock  and  the  way 
it  is  increased.  For  example,  the  energy  content  of  a 
shock  may  be  increased  by  increasing  the  amplitude  of 
the  shock,  increasing  the  pulse  width,  or  decreasing  the 
percent  tilt  of  a  waveform. 

A  preferred  embodiment  of  a  device  that  incorpo- 
rates  the  present  invention  includes  two  functionally  dis- 
crete  circuits.  The  first  circuit  contains  low  voltage  cir- 
cuitry  for  delivering  pacing  therapy  to  alleviate  bradycar- 
dia,  and  low  voltage  control  and  logic  circuitry  to  provide 
overall  operational  control  of  the  entire  device.  The  other 
circuit  includes  low  and  high  voltage  circuitry  dedicated 
to  the  generation  and  delivery  of  high  energy  charges 
for  cardioversion  and  defibrillation  shocks. 

The  low  voltage  circuitry  of  a  preferred  embodiment 
include  a  microprocessor  and  logic  control  circuit  that 
communicates  with  a  defibrillation  shock  delivery  con- 
trol  circuit  and  a  DC/DC  converter  control  circuit  through 
a  serial  interface.  The  serial  interface  also  allows  the 
two  control  circuits  to  communicate  with  each  other.  The 
DC/DC  converter  control  circuit  performs  the  power  con- 
version  necessary  to  create  a  high  voltage  charge  on  a 
pair  of  capacitors.  The  defibrillation  shock  delivery  con- 
trol  circuit  performs  the  logic  operations  necessary  for 
timing  the  delivery  of  a  defibrillation  or  cardioversion 
shock,  and  determining  the  waveform  and  energy  con- 
tent  of  that  shock.  The  defibrillation  shock  delivery  con- 
trol  circuit  and  the  DC/DC  converter  control  circuit  com- 
municate  with  a  shock  delivery  circuit  on  the  high  volt- 
age  side  of  the  device  by  way  of  an  isolation  circuit. 

The  isolation  circuit  separates  the  low  voltage  cir- 
cuits  of  the  device  (responsible  for  control  and  logic  op- 
erations)  from  the  high  voltage  circuits  of  the  device  (re- 
sponsible  for  executing  control  and  logic  operations). 
The  isolation  circuit  prevents  low  voltage  logic  circuits 
from  being  harmed  by  the  high  voltage  operations  of  the 
device,  while  allowing  for  communication  between  the 
low  voltage  circuits  and  the  high  voltage  circuits.  Elec- 
trical  isolation  of  the  high  and  low  voltage  is  preferably 
provided  by  a  transformer  interface  and  resistor/divider 
networks. 

The  shock  delivery  circuit  executes  instructions 
transmitted  by  the  two  control  circuits  and  creates  a  high 
voltage  charge.  A  high  voltage  charge  is  created  pref- 
erably  by  oscillating  a  DC  voltage  supplied  by  a  battery, 
and  passing  the  oscillated  voltage  through  a  DC/DC 
converter  containing  a  step-up  transformer  to  produce 
a  high  frequency,  high  voltage.  The  high  frequency,  high 
voltage  is  rectified  by  a  pair  of  diodes  to  create  a  high 
DC  voltage.  By  exposing  two  high  voltage  capacitors  in 
series  with  each  other  to  the  high  DC  voltage  produced 
by  the  DC/DC  converter  and  diodes,  a  high  voltage 
charge  is  stored  and  is  then  ready  to  be  delivered.  The 

shock  delivery  circuit  serves  the  added  function  of  in- 
forming  the  defibrillation  shock  delivery  control  circuit 
via  the  isolation  circuit  that  a  charge  has  been  generated 
and  is  ready  to  be  delivered. 

5  A  voltage  monitoring  circuit  is  connected  across  the 
battery  to  monitor  battery  voltage. 

The  voltage  of  the  high  voltage  charge  is  commu- 
nicated  to  the  microprocessor  and  logic  control  circuit 
through  the  isolation  circuit  and  the  serial  interface.  The 

10  microprocessor  and  logic  control  circuit  may  constantly 
monitor  the  actual  high  DC  voltage  or  preferably  may 
periodically  interrogate  the  voltage  monitoring  circuit  at 
predetermined  intervals. 

In  accordance  with  the  present  invention,  the  ener- 
15  gy  level  of  the  therapeutic  shock  is  selected  by  the  mi- 

croprocessor  and  logic  control  so  that  the  first  delivered 
shock  has  a  high  probability  of  terminating  the  arrhyth- 
mia.  If  the  microprocessor  and  logic  control  circuit  de- 
termines  that  due  to  battery  depletion,  the  forecasted 

20  time-to-therapy  equals  or  exceeds  the  predetermined 
critical  time,  it  automatically  sets  the  shock  energy  to  an 
increased  level.  That  level  is  communicated  to  the  defi- 
brillation  shock  delivery  control  circuit  through  the  serial 
interface.  The  defibrillation  shock  delivery  control  circuit 

25  instructs  the  shock  delivery  circuit,  through  the  isolation 
circuit,  as  to  what  the  energy  level  of  the  shock  should 
be.  Delivering  a  shock  of  a  lower  energy  value  having  a 
lower  probability  of  success  is  thereby  avoided,  and  bat- 
tery  energy  may  be  conserved. 

30  The  implantable  cardiac  stimulating  device  of  the 
present  invention  preferably  incorporates  a  timer  (time- 
to-therapy  timer)  that  accumulates  time  from  the  point 
of  detection  of  the  ventricular  tachyarrhythmia  until  the 
time-to-therapy  timer  reaches  a  preprogrammed  maxi- 

35  mum  count  or  the  tachyarrhythmia  is  terminated  by  ther- 
apy  or  spontaneously  terminates. 

When  the  tachyarrhythmia  is  detected,  software  op- 
erating  within  the  microprocessor,  RAM  and  ROM,  se- 
lects  the  first  stage  of  the  first  tier  of  therapy.  The  first 

40  tier  of  therapy  may  be  typically  programmed  to  be  anti- 
tachycardia  pacing  (ATP).  The  time-to-therapy  timer 
continues  to  accumulate  time  while  ATP  therapy  is  de- 
livered.  If  the  tachyarrhythmia  is  sustained  following  the 
ATP  attempt,  the  software  may  be  programmed  to  select 

45  the  first  shock  therapy  in  a  sequence  of  shock  therapies. 
The  sequence  of  shock  therapies  is  typically  ordered 
with  regard  to  increasing  stored  energy.  Shock  1  may 
be  10  joules,  shock  2  may  be  20  joules,  and  shocks  3 
and  4  may  be  40  joules.  If  the  time-to-therapy  timer  has 

so  reached  a  programmed  maximum  when  the  software 
selects  shock  1  ,  the  software  shall  bypass  the  lower  en- 
ergy  shocks  (shock  1  and  shock  2)  and  select  shock  3. 
By  substituting  shock  3  for  shock  1  as  the  first  shock, 
the  first  shock  is  more  likely  to  be  efficacious  than  the 

55  programmed  lower  energy  shock  1  due  to  the  delay  dur- 
ing  the  ineffective  ATP  attempt. 

When  the  ventricular  tachyarrhythmia  is  terminat- 
ed,  the  time-to-therapy  timer  is  reset  to  zero  and  the 

4 
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shock  1  ,  2,  3,  4  sequence  of  shocktherapies  is  restored. 
It  is  important  to  note  that  the  embodiments  of  the 

present  invention  employ  a  routine  which  can  be  stored 
in  the  microprocessor  and  logic  control  circuit's  internal 
RAM  or  ROM,  or  may  be  implemented  using  a  discrete 
integrated  circuit  separate  from  the  microprocessor  and 
logic  control  circuit.  Thus,  the  present  invention  does  not 
require  much,  if  any,  additional  hardware  in  the  implant- 
able  cardiac  stimulating  device.  In  addition,  the  present 
invention  may  be  implemented  in  existing  dedicated  car- 
dioverter/defibrillators,  as  well  as  devices  providing  pac- 
ing  capabilities. 

The  above  and  other  objects  and  advantages  of  the 
present  invention  will  be  apparent  upon  consideration 
of  the  following  detailed  description,  taken  in  conjunc- 
tion  with  the  accompanying  drawings,  in  which  like  ref- 
erence  characters  refer  to  like  parts  throughout,  and  in 
which: 

FIG.  1  is  a  block  diagram  of  an  implantable  cardiac 
stimulating  device  which  includes  a  system  for  in- 
creasing  shock  energy  as  function  of  elapsed  times- 
to-therapy  in  accordance  with  the  principles  of  the 
present  invention; 
FIG.  2  is  a  logic  flow  diagram  representing  a  pro- 
gram  executed  by  the  microprocessor  and  logic 
control  circuit  shown  in  FIG.  1  ;  and 
FIG.  3  is  an  example  of  a  truth  table  used  by  the 
microprocessor  and  logic  control  circuit  shown  in 
FIG.  1  in  selecting  and  setting  energy  values  for  a 
therapeutic  shock. 

Referring  to  FIG.  1,  a  block  diagram  representing 
an  implantable  cardiac  stimulating  device  100  which  in- 
creases  therapeutic  shock  energy  as  a  function  of  an 
elapsed  time-to-therapy  in  accordance  with  the  princi- 
ples  of  the  present  invention  is  described.  The  implant- 
able  cardiac  stimulating  device  100  includes  circuitry 
102  which  is  responsible  for  regulation  and  delivery  of 
pacing  therapy  as  well  as  overall  operational  control  of 
the  implantable  cardiac  stimulating  device  100.  Also  in- 
cluded  is  circuitry  1  04  dedicated  to  the  control,  genera- 
tion,  and  delivery  of  cardioversion  and  defibrillation 
shocks. 

The  implantable  cardiac  stimulating  device  100 
preferably  administers  therapeutic  shocks  (i.e.,  cardio- 
version  or  defibrillation  shocks)  or  pacing  pulses  to  a 
patient's  heart  106  in  order  to  interrupt  cardiac  arrhyth- 
mias  or  supply  antitachycardia  pacing,  respectively. 
However,  the  present  invention  also  may  be  practiced 
with  dedicated  implantable  cardioverters  and  defibrilla- 
tors. 

The  implantable  cardiac  stimulating  device  100  de- 
livers  the  therapeutic  cardioversion  or  defibrillation 
shocks  to  the  patient's  heart  106  through  a  plurality  of 
shocking  leads  108.  Low  energy  pacing  pulses  are  ad- 
ministered  to  the  patient's  energy  storage  for  monopha- 
sic  and  biphasic  pulses  of  varying  waveforms  and  to  al- 

low  for  administering  of  sequential  pulses,  as  well  as  to 
ensure  that  sequential  pulses  are  of  the  same  ampli- 
tude. 

Among  the  latest  improvements  in  implantable  car- 
5  diac  stimulating  devices  are  tiered  therapy  systems. 

These  systems  typically  allow  for  the  administration  by 
a  single  device  of  anti-tachycardia  pacing  therapy  in  ad- 
dition  to  cardioversion  and  defibrillation  therapies.  U.S. 
Patent  No.  4,830,006  issued  May  16,  1989  to  Haluska 

10  et  al.  describes  such  a  device.  These  systems  can  be 
programmed  to  administer  a  number  of  consecutive  car- 
dioversion  or  defibrillation  therapies  with  each  subse- 
quent  therapy  having  an  increased  level  of  aggressive- 
ness.  When  the  initial  therapy  has  little  or  no  therapeutic 

is  effect,  therapy  is  re-administered.  Each  time  therapy  is 
re-administered,  the  device  may  need  to  cycle  through 
the  sensing,  charging  and  delivery  cycle.  The  time  delay 
due  to  past  failed  therapy  applications  can  be  extensive. 

Time-to-therapy  can  be  a  determining  factor  in  the 
20  efficacy  of  a  therapeutic  shock.  Echt  et  al.  studied  the 

effects  of  prolonging  time-to-therapy.  (D.  Echt,  J.T  Bar- 
bey,  J.N.  Black,  Influence  of  Ventricular  Fibrillation  Du- 
ration  on  Defibrillation  Energy  in  Dogs  Using  Bidirection- 
al  Pulse  Discharges,  11  PACE  No.  9,  1315,  Sept.  1988.) 

25  The  results  of  this  study  indicate  that  the  energy  require- 
ment  for  an  efficacious  defibrillation  shock  at  thirty  sec- 
onds  of  ventricular  fibrillation  is  significantly  greater  than 
at  five  seconds  of  fibrillation. 

Although  previously  known  devices  increase  the 
30  therapeutic  shock  energy  after  failed  attempts,  they  do 

not  adjust  the  therapeutic  shock  energy  to  a  greater  val- 
ue  after  the  time-to-therapy  has  exceeded  a  heart  106 
through  a  pacing  lead  system  1  1  0.  The  pacing  lead  sys- 
tem  110  also  serves  to  sense  intrinsic  cardiac  activity 

35  during  periods  when  electrical  stimulation  is  not  being 
applied  to  the  heart  1  06.  Further,  an  electrically  conduc- 
tive  enclosure  1  1  2  of  the  implantable  cardiac  stimulating 
device  100  may  be  used  as  an  electrode  in  the  delivery 
of  therapeutic  shocks  or  pacing  pulses. 

40  The  lead  system  110  feeds  physiological  and  elec- 
trophysiological  data  in  the  form  of  analog  signals  from 
the  patient's  heart  106  to  a  sensing  circuit  114.  The  lead 
system  1  1  0  may  also  include  sensors  (not  shown)  which 
monitor  cardiac  mechanical  activity,  as  described  in 

45  commonly-assigned,  copending  U.S.  patent  application 
Serial  No.  08/091,636,  filed  7/14/93,  of  Causey  and 
Moberg,  entitled  "Implantable  Leads  Incorporating  Wall 
Motion  Sensors  and  Method  of  Fabrication  and  a  Sys- 
tem  and  Method  for  Detecting  Cardiac  Arrhythmias  Us- 

50  ing  a  Cardiac  Wall  Motion  Sensor  Signal." 
The  sensing  circuit  114  typically  amplifies  the  in- 

coming  analog  signals  and  filters  out  unwanted  noise. 
These  amplified  analog  signals  are  then  sent  to  a  meas- 
uring  circuit  1  1  6  where  the  signals  are  digitized  and  for- 

55  matted  for  use  by  a  microprocessor  and  logic  control  cir- 
cuit  118.  The  microprocessor  and  logic  control  circuit 
118  then  analyzes  the  received  digital  signals  to  deter- 
mine  the  existence  of  an  arrhythmia. 

5 
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The  microprocessor  and  logic  control  circuit  118 
performs  this  analysis  using  routines  located  in  RAM 
1  20  or  ROM  1  22.  The  RAM  1  20  or  ROM  1  22  is  preferred 
over  an  external  discrete  memory  device  (not  shown) 
because  of  the  savings  in  processing  speed,  power  con- 
sumption  and  their  effect  on  the  overall  size  of  the  im- 
plantable  cardiac  stimulating  device  100. 

Communication  with  and  programming  of  the  de- 
vice  1  00  is  accomplished  by  a  programmer  (not  shown) 
which  communicates  with  the  device  100  through  a  te- 
lemetry  circuit  1  24.  Telemetry  data  are  transmitted  to  the 
microprocessor  and  logic  control  circuit  118  through  a 
memory  126. 

Prior  to  the  detection  of  an  arrhythmia,  the  micro- 
processor  and  logic  control  circuit  118  monitors  the  ac- 
tual  voltage  of  a  battery  128  -  used  to  charge  a  pair  of 
capacitors  130  as  more  fully  described  below  -  from 
which  it  forecasts  a  minimum  time-to-therapy.  Other  de- 
vice  operational  parameters  which  may  be  monitored  by 
the  device  include  capacitor  discharge  times,  and  any 
delays  that  are  programmed  into  the  device,  such  as 
those  needed  to  properly  synchronize  a  cardioversion 
shock  with  the  ECG  wave  patterns.  The  actual  voltage 
of  the  battery  1  28  is  determined  by  a  voltage  monitoring 
circuit  1  32,  which  communicates  this  information  to  the 
microprocessor  and  logic  control  circuit  118. 

If  the  microprocessor  and  logic  control  circuit  118 
determines  that,  should  a  therapeutic  cardioversion  or 
defibrillation  shock  be  needed,  a  forecasted  time-to- 
therapy  equals  or  exceeds  a  critical  time,  it  instructs  a 
defibrillation  shock  delivery  control  circuit  1  34  to  set  the 
energy  level  of  the  shock  to  be  delivered  to  a  predeter- 
mined  increased  shock  energy  value.  If  the  forecasted 
time-to-therapy  does  not  equal  or  exceed  the  critical 
time,  the  microprocessor  and  logic  control  circuit  118  in- 
structs  the  defibrillation  shock  delivery  control  circuit 
134  to  set  the  shock  energy  level  to  a  nominal  value. 
This  occurs  before  the  detection  of  an  arrhythmia  and 
is  continually  updated. 

If  pacing  pulses  are  needed,  for  example,  to  treat 
bradycardia,  the  microprocessor  and  logic  control  circuit 
118  enables  a  pacing  pulse  regulation  and  delivery  cir- 
cuit  136,  which  generates  and  transmits  the  pulses  to 
the  patient's  heart  1  06  at  the  appropriate  times  through 
leads  selected  by  the  microprocessor  and  logic  control 
circuit  118  from  the  pacing  lead  system  110. 

In  response  to  a  detected  tachycardia,  the  micro- 
processor  and  logic  control  circuit  118  starts  the  running 
of  a  timer  138  and,  through  a  serial  interface  140,  in- 
structs  a  DC/DC  converter  control  circuit  142  to  begin 
charging  the  pair  of  capacitors  130  in  series  with  each 
other  to  their  target  voltage.  The  DC/DC  converter  con- 
trol  circuit  1  42,  in  turn,  instructs  a  shock  delivery  circuit 
144,  through  an  isolation  circuit  146,  to  begin  charging 
the  capacitors  1  30.  The  DC/DC  converter  control  circuit 
1  42  performs  all  the  control  and  logic  operations  needed 
by  the  shock  delivery  circuit  144  to  create  a  high  fre- 
quency,  rectified  DC  high  voltage  for  application  to  the 

capacitors  1  30.  The  defibrillation  shock  delivery  control 
circuit  134  performs  all  the  logic  and  control  operations 
needed  to  deliver  a  desired  therapeutic  shock  to  the 
heart  1  06.  That  includes  controlling  the  delivery,  energy 

5  content,  and  waveform  of  a  therapeutic  shock. 
In  a  preferred  embodiment,  the  isolation  circuit  146 

includes  a  transformer  interface  (not  shown)  which  is 
used  to  electrically  isolate  the  low  voltage  circuits  of  both 
the  defibrillation  shock  delivery  control  circuit  134  and 

10  the  DC/DC  converter  control  circuit  142  as  well  as  the 
circuitry  102  from  exposure  to  high  voltages.  All  control 
and  feedback  signals  preferably  pass  through  the  isola- 
tion  circuit  1  46  in  order  to  prevent  harm  to  the  low  volt- 
age  circuits  of  the  device  100. 

is  A  high  voltage  charge  is  typically  generated  in  the 
following  manner:  the  battery  1  28  supplies  a  voltage  typ- 
ically  on  the  order  of  6.4  volts  to  the  shock  delivery  circuit 
144.  When  instructed  to  do  so  by  the  DC/DC  converter 
control  circuit  142,  and  preferably  by  employing  a  DC/ 

20  DC  converter  (not  shown),  which  may  be  of  convention- 
al  design,  the  shock  delivery  circuit  1  44  produces  a  high 
frequency  pulsed  voltage  substantially  equal  in  magni- 
tude  to  the  voltage  of  the  battery  1  28.  The  high  frequen- 
cy  pulsed  low  voltage  is  converted  to  high  frequency 

25  pulsed  high  voltage  by  a  step-up  transformer  (not 
shown).  This  high  frequency  high  voltage  is  then  full- 
wave  rectified  by  the  shock  delivery  circuit  1  44.  The  rec- 
tified  signal  is  applied  to  the  capacitors  1  30.  The  capac- 
itors  1  30  charge  incrementally  with  each  rectified  pulse 

30  to  a  voltage  corresponding  to  either  the  nominal  or  in- 
creased  shock  energy  level  depending  upon  which  one 
is  set  to  be  delivered.  The  shock  delivery  circuit  1  44  in- 
forms  the  defibrillation  shock  delivery  control  circuit  1  34, 
through  the  isolation  circuit  146,  when  the  capacitors 

35  1  30  are  sufficiently  charged  (i.e.,  charged  to  their  target 
voltage). 

By  analyzing  the  digitized  signals  provided  by  the 
measuring  circuit  116,  the  microprocessor  and  logic 
control  circuit  118  ultimately  determines  the  type  of  ar- 

40  rythmia  occurring.  As  a  result  of  this  continuing  analysis, 
the  arrhythmia  is  identified  as,  for  example,  either  VT  or 
VR  This  determination  prescribes  a  predetermined 
range  of  shock  energies  to  be  delivered  corresponding 
to  the  different  therapeutic  energy  ranges  for  the  occur- 

45  ring  cardiac  event.  For  example,  if  the  microprocessor 
and  logic  control  circuit  118  determines  that  the  patient 
is  undergoing  cardiac  fibrillation  and  the  defibrillation 
shock  delivery  control  circuit  134  has  been  set  to  admin- 
ister  an  enhanced  energy  therapeutic  shock,  a  shock  of 

so  about  40  joules  may  be  appropriate.  Because  each  pa- 
tient  must  be  evaluated  on  an  individual  basis,  it  is  con- 
templated  that  the  present  invention  will  allow  a  physi- 
cian  to  preselect  a  therapeutic  energy  value  appropriate 
for  a  given  type  of  arrhythmia  for  both  nominal  and  en- 

55  hanced  energy  shocks. 
Once  the  defibrillation  shock  delivery  control  circuit 

134  is  informed  that  capacitors  130  are  sufficiently 
charged,  and  the  shock  energy  level  has  been  set,  the 

6 
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microprocessor  and  logic  control  circuit  118  preferably 
compares  the  elapsed  time-to-therapy,  as  kept  by  timer 
1  38,  to  the  critical  time.  If  the  elapsed  time-to-therapy  is 
less  than  the  critical  time,  the  microprocessor  and  logic 
control  circuit  118  instructs  the  defibrillation  shock  de- 
livery  control  circuit  134  to  administer  the  nominal  shock 
energy  value.  However,  if  the  elapsed  time-to-therapy 
is  equal  to  or  greater  than  the  critical  time,  the  micro- 
processor  and  logic  control  circuit  118  instructs  the  de- 
fibrillation  shock  delivery  control  circuit  134  to  set  the 
shock  energy  level  to  the  enhanced  shock  energy  level 
and  the  capacitors  130  are  further  charged  to  a  corre- 
sponding  voltage  level.  The  microprocessor  and  logic 
control  circuit  118  then  instructs  the  defibrillation  shock 
delivery  control  circuit  134  to  direct  the  shock  delivery 
circuit  144  to  administer  the  shock.  Thus,  the  initial  en- 
ergy  value  of  the  therapeutic  shock  may  be  overridden 
by  the  elapsed  time-to-therapy  determination. 

It  should  be  noted  that  use  of  the  term  defibrillation 
shock  delivery  control  circuit  1  34  is  not  intended  to  mean 
that  only  defibrillation  shocks  are  controlled,  but  in- 
cludes  control  of  all  shocks  other  than  pacing  pulses. 

Referring  now  to  FIG.  2,  a  logic  flow  diagram  is  de- 
scribed  representing  a  control  program  executed  by  the 
microprocessor  and  logic  control  circuit  118  of  FIG.  1. 
The  control  program  is  initiated  at  a  start  200  when  a 
start-up  command  is  received  by  the  telemetry  circuit 
1  24  (FIG.  1  ).  At  a  step  210,  the  microprocessor  and  logic 
control  circuit  118  (FIG.  1)  monitors  certain  device  op- 
erational  parameters.  The  monitored  device  operational 
parameters  may  include  any  of  those  items  mentioned 
above  which  can  prolong  the  time-to-therapy.  In  the  in- 
terest  of  clarity,  the  following  description  is  presented  in 
terms  of  an  example  using  two  parameters,  namely,  bat- 
tery  voltage  and  past  failed  reversion  attempts. 

At  a  step  220,  the  microprocessor  and  logic  control 
circuit  118  (FIG.  1)  determines  the  forecasted  time-to- 
therapy  as  a  function  of  the  voltage  of  the  battery  128 
(FIG.  1)  as  measured  by  the  voltage  monitoring  circuit 
132  (FIG.  1).  That  determination  may  be  made  by  em- 
ploying  the  known  relationship  between  capacitor 
charge  time  and  battery  potential  or,  alternatively,  by  re- 
ferring  to  a  matrix  or  lookup  table  (not  shown)  cross- 
referencing  capacitor  charge  times  with  battery  poten- 
tial. 

At  a  test  230,  the  microprocessor  and  logic  control 
circuit  118  (FIG.  1)  determines  whether  the  forecasted 
time-to-therapy  equals  or  exceeds  the  critical  time.  If,  at 
the  test  230,  the  microprocessor  and  logic  control  circuit 
1  1  8  (FIG.  1  )  determines  that  the  forecasted  time-to-ther- 
apy  does  equal  or  exceed  the  critical  time,  at  a  step  240 
the  microprocessor  and  logic  control  circuit  118  (FIG.  1) 
instructs  the  defibrillation  shock  delivery  control  circuit 
134  (FIG.  1)  to  set  the  therapeutic  shockto  be  delivered 
to  an  increased  shock  energy  value.  If  at  the  test  230, 
the  microprocessor  and  logic  control  circuit  118  (FIG.  1) 
determines  that  the  forecasted  time-to-therapy  does  not 
equal  or  exceed  the  critical  time,  the  microprocessor 

and  logic  control  circuit  118  (FIG.  1)  instructs  the  defi- 
brillation  shock  delivery  control  circuit  134  (FIG.  1)  to  set 
the  therapeutic  shockto  be  delivered  to  a  nominal  shock 
energy  level  at  a  step  250. 

5  At  a  test  260,  the  microprocessor  and  logic  control 
circuit  118  (FIG.  1)  determines  whether  an  arrythmia  ex- 
ists  by  analyzing  signals  received  from  the  measuring 
circuit  116  (FIG.  1).  The  microprocessor  and  logic  con- 
trol  circuit  118  (FIG.  1)  cycles  through  steps  210  through 

10  260  until  an  arrhythmia  is  detected.  During  that  cycling, 
any  further  degradation  of  battery  voltage  is  incorporat- 
ed  into  the  current  determination  of  whether  the  fore- 
casted  time-to-therapy  equals  or  exceeds  the  critical 
time. 

is  Once  an  arrhythmia  is  detected  at  the  test  260,  the 
microprocessor  and  logic  control  circuit  118  (FIG.  1) 
causes  the  timer  138  (FIG.  1)  to  begin  tracking  the 
elapsed  time-to-therapy  at  a  step  270.  At  a  step  280,  the 
capacitors  130  (FIG.  1)  are  charged  to  their  target  po- 

20  tential.  At  a  step  290,  the  microprocessor  and  logic  con- 
trol  circuit  118  (FIG.  1)  proceeds  to  categorize  the  ar- 
rhythmia.  At  a  step  300,  predetermined  energy  levels 
for  the  nominal  and  enhanced  shock  energy  levels  for 
both  cardioversion  and  defibrillation  are  retrieved  from 

25  the  RAM  120  (FIG.  1  )  and  are  communicated  to  the  de- 
fibrillation  shock  delivery  control  circuit  1  34  (FIG.  1  ).  The 
capacitors  1  30  (FIG.  1  )  are  charged  to  a  voltage  corre- 
sponding  to  the  set  shock  level. 

Referring  nowto  FIG.  3,  an  example  of  the  selection 
30  of  shock  energy  levels  is  described.  FIG.  3  shows  a  2  x 

2  matrix  or  lookup  table  310  having  a  selected  nominal 
energy  level  and  a  selected  enhanced  energy  level  for 
both  cardioversion  and  defibrillation  shocks.  A  physician 
may  select  a  nominal  energy  level  of  2  joules  for  cardi- 

35  oversion  and  a  nominal  energy  level  of  20  joules  for  de- 
fibrillation.  As  stated,  a  shock  of  the  nominal  energy  lev- 
el  is  administered  when  the  critical  time  is  not  equaled 
or  exceeded  by  the  forecasted  time-to-therapy  or  the 
elapsed  time-to-therapy  (which  can  override  a  determi- 

40  nation  based  on  the  forecasted  time-to-therapy).  Con- 
versely,  a  shock  of  the  enhanced  energy  level  is  admin- 
istered  when  the  forecasted  time-to-therapy  or  the 
elapsed  time-to-therapy  equals  or  exceeds  the  critical 
time.  The  nominal  and  enhanced  energy  levels  for  both 

45  cardioversion  and  defibrillation  are  preferably  selected 
by  the  physician  through  the  use  of  an  external  program- 
mer  (not  shown).  According  to  the  principles  of  the 
present  invention,  the  enhanced  energy  level  should  be 
substantially  greater  than  the  nominal  energy  level  (e. 

so  g.,  10  joules  for  cardioversion  and  40  joules  for  defibril- 
lation). 

As  stated,  the  period  of  time  after  which  the  energy 
requirement  for  highly  successful  cardioversion  or  defi- 
brillation  is  significantly  increased  is  termed  the  critical 

55  time.  Not  surprisingly,  the  critical  time  will  vary  from  in- 
dividual  to  individual.  The  physician,  being  most  knowl- 
edgeable  about  the  physical  condition  of  the  patient  and 
the  ailment  being  treated,  is  best  suited  to  prescribe  the 

7 
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critical  time.  Thus,  the  critical  time  is  preferably  preset 
by  the  physician  either  before  or  after  implanting  the  de- 
vice  100  (FIG.  1). 

Referring  again  to  FIG.  2,  at  a  test  360,  the  shock 
delivery  circuit  144  (FIG.  1)  determines  whether  the  ca- 
pacitors  1  30  (FIG.  1  )  are  sufficiently  charged.  When  the 
capacitors  130  (FIG.  1)  are  sufficiently  charged,  at  a  test 
370,  the  microprocessor  and  logic  control  circuit  118 
(FIG.  1)  is  informed  of  their  ready  state  as  described 
above  and  proceeds  to  determine  whether  the  elapsed 
time-to-therapy  equals  or  exceeds  the  critical  time.  Pref- 
erably,  projected  capacitor  discharge  time  is  considered 
along  with  the  elapsed  time  at  this  point  to  forecast  the 
actual  elapsed  time-to-therapy.  If  at  the  test  370  the  mi- 
croprocessor  and  logic  control  circuit  118  (FIG.  1)  de- 
termines  that  the  elapsed  time-to-therapy  does  not 
equal  or  exceed  the  critical  time,  at  a  step  380,  a  shock 
of  the  nominal  energy  level  is  set  to  be  delivered.  Con- 
versely,  if  at  the  test  370  the  microprocessor  and  logic 
control  118  (FIG.  1)  determines  that  the  elapsed  time- 
to-therapy  equals  or  exceeds  the  critical  time,  at  a  step 
390  a  shock  of  the  enhanced  energy  value  is  set  to  be 
delivered  and  capacitors  130  (FIG.  1)  are  further 
charged  to  the  appropriate  voltage  at  a  step  392.  At  a 
test  394,  the  microprocessor  and  logic  control  deter- 
mines  whether  or  not  the  capacitors  are  sufficiently 
charged.  If  the  capacitors  1  30  (FIG.  1  )  are  not  sufficient- 
ly  charged,  the  routine  cycles  to  the  step  392 

The  determination  by  the  microprocessor  and  logic 
control  118  (FIG.  1)  based  on  the  forecasted  time-to- 
therapy  at  the  test  230  is  overridden  by  a  conflicting  de- 
termination  based  on  the  elapsed  time-to-therapy  at  the 
test  370.  Because  of  the  precise  nature  by  which  the 
determination  of  the  test  230  is  made,  it  is  contemplated 
that  it  will  typically  not  conflict  with  the  determination 
made  at  the  test  370,  and  thus  will  not  be  overridden 
often.  If  the  capacitors  130  (FIG.  1)  are  sufficiently 
charged,  then  at  a  step  400,  the  defibrillation  shock  de- 
livery  control  circuit  1  34  (FIG.  1  )  instructs  the  shock  de- 
livery  circuit  1  44  (FIG.  1  )  to  deliver  the  therapeutic  shock 
of  the  set  energy  level  and  the  shock  delivery  circuit  1  44 
(FIG.  1)  responds  accordingly. 

At  a  test  410,  the  microprocessor  and  logic  control 
circuit  118  (FIG.  1)  determines  whether  the  arrhythmia 
has  been  terminated.  If  the  arrhythmia  has  not  been  ter- 
minated,  the  device  cycles  back  to  step  280  where  the 
capacitors  130  (FIG.  1)  are  recharged  and  steps  290 
through  410  are  repeated.  The  timer  138  (FIG.  1)  con- 
tinues  to  track  time  after  the  onset  of  the  arrhythmia  and 
by  doing  so  incorporates  delays  due  to  past  failed  re- 
version  attempts  into  subsequent  determinations  of 
whether  the  critical  time  is  exceeded.  This  cycle  contin- 
ues  until  it  is  determined  at  the  test  41  0  that  the  arrhyth- 
mia  has  been  terminated. 

At  a  step  420,  after  the  arrhythmia  has  been  termi- 
nated,  the  timer  1  38  (FIG.  1  )  is  reset  to  a  initial  value  of 
zero  and  the  device  is  put  back  into  the  monitoring  cycle 
of  the  steps  210  through  260. 

Thus,  a  system  and  method  for  automatically  ad- 
justing  the  energy  content  of  a  therapeutic  shock  as  a 
function  of  time-to-therapy  is  provided. 

Claims 

1.  An  implantable  cardiac  stimulating  device  for  ad- 
ministering  therapeutic  shocks  to  a  patient's  heart 

10  (106)  to  interrupt  cardiac  arrhythmias,  the  device 
comprising:  shock  generation  and  delivery  circuitry 
(144)  arranged  to  generate  a  therapeutic  shock  at 
one  of  (a)  a  nominal  energy  level,  and  (b)  an  in- 
creased  energy  level,  and  to  deliver  the  therapeutic 

is  shock  to  the  patient's  heart  (106);  and  control 
means  (1  02,1  04)  for  detecting  the  onset  of  a  cardi- 
ac  arrhythmia;  characterised  in  that  the  shock  gen- 
eration  and  delivery  circuitry  (144)  require  an 
amount  of  time  from  the  onset  of  a  cardiac  arrhyth- 

20  mia  to  generate  and  deliver  the  therapeutic  shock, 
the  amount  of  time  varying  as  a  function  of  a  device 
operational  parameter;  and  the  control  means 
(102,104)  is  arranged  to  monitor  the  device  opera- 
tional  parameter  to  forecast  the  amount  of  time  re- 

25  quired  from  the  onset  of  a  cardiac  arrhythmia  for  the 
shock  generation  and  delivery  circuitry  (1  44)  to  gen- 
erate  and  deliver  the  therapeutic  shock,  to  cause 
the  shock  generation  and  delivery  circuitry  (144)  to 
generate  and  deliver  the  therapeutic  shock  at  the 

30  nominal  energy  level  when  the  forecasted  time  is 
less  than  a  prescribed  critical  time,  and  to  causing 
the  shock  generation  and  delivery  circuitry  (144)  to 
generate  and  deliver  the  therapeutic  shock  at  the 
increased  energy  level  when  the  forecasted  time 

35  equals  or  exceeds  the  prescribed  critical  time. 

2.  A  device  as  claimed  in  Claim  1  ,  characterised  in  that 
the  shock  generation  and  delivery  circuitry  (144) 
comprises  a  battery  (128)  for  supplying  energy 

40  used  to  generate  the  therapeutic  shock,  the  battery 
voltage  being  a  device  operational  parameter,  and 
a  battery  monitoring  circuit  (1  32)  for  monitoring  the 
battery  voltage  and  for  communicating  the  battery 
voltage  to  the  control  circuitry  (102). 

45 
3.  A  device  as  claimed  in  Claim  2,  characterised  in  that 

the  control  means  (1  02)  comprises  means  for  inter- 
rogating  (118)  the  battery  monitoring  circuit  (1  32)  at 
predetermined  time  intervals. 

50 
4.  A  device  as  claimed  in  any  preceding  Claim,  char- 

acterised  in  that  the  control  circuitry  (1  02)  compris- 
es  a  memory  circuit  (126)  for  storing  values  repre- 
senting  the  nominal  and  increased  energy  levels  for 

55  the  therapeutic  shock. 

5.  A  device  as  claimed  in  Claim  4,  characterised  in  that 
the  control  circuitry  (1  02)  further  comprises  a  telem- 
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etry  circuit  (1  24)  for  receiving  the  values  represent- 
ing  the  nominal  and  enhanced  energy  levels  from 
an  external  programming  unit. 

6.  A  device  as  claimed  in  any  preceding  Claim,  char-  s 
acterised  in  that:  the  control  circuitry  (1  02)  compris- 
es  a  timer  (138)  for  measuring  elapsed  time  from 
the  onset  of  a  cardiac  arrhythmia  to  a  moment  im- 
mediately  preceding  delivery  of  the  therapeutic 
shock  by  the  shock  generation  and  delivery  circuitry  10 
(144);  and  the  control  circuitry  (104)  causes  the 
shock  generation  and  delivery  circuitry  (1  44)  to  gen- 
erate  and  deliver  the  therapeutic  shock  at  the  nom- 
inal  energy  level  when  the  elapsed  time  is  less  than 
the  prescribed  critical  time,  and  causes  the  shock  15 
generation  and  delivery  circuitry  (144)  to  generate 
and  deliver  the  therapeutic  shock  at  the  increased 
energy  level  when  the  elapsed  time  equals  or  ex- 
ceeds  the  prescribed  critical  time,  whereby  the  en- 
ergy  level  selection  based  on  the  elapsed  time  su-  20 
persedes  the  energy  level  selection  based  on  the 
forecasted  time. 

7.  An  implantable  cardiac  stimulating  device  for  ad- 
ministering  therapeutic  shocks  to  a  patient's  heart  25 
(106)  to  interrupt  cardiac  arrhythmias,  the  device 
comprising:  means  for  generating  a  therapeutic 
shock  (144)  at  one  of  (a)  a  nominal  energy  level, 
and  (b)  an  enhanced  energy  level,  and  delivering 
the  therapeutic  shock  to  the  patient's  heart  (1  06)  in  30 
response  to  a  cardiac  arrhythmia;  a  battery  (128) 
for  supplying  energy  used  to  generate  the  therapeu- 
tic  shock,  the  battery  (128)  having  a  measurable 
battery  voltage;  means  for  measuring  the  battery 
voltage  (132)  ;  and  means  (102,104)  for  selecting  35 
the  nominal  energy  level  for  the  therapeutic  shock 
when  the  battery  voltage  equals  or  exceeds  a  pre- 
scribed  threshold  voltage  and  for  selecting  the  en- 
hanced  energy  level  for  the  therapeutic  shock  when 
the  battery  voltage  is  below  the  prescribed  thresh-  40 
old  voltage. 

8.  An  implantable  cardiac  stimulating  device  for  ad- 
ministering  therapeutic  shocks  to  a  patient's  heart 
(106)  to  interrupt  cardiac  arrhythmias,  the  device  45 
comprising:  means  for  forecasting  a  time-to-thera- 
py  as  a  function  of  the  device  operational  parame- 
ters;  means  for  generating  a  therapeutic  shock 
(1  28,  1  44)  having  an  energy  level  defined  as  a  func- 
tion  of  the  forecasted  time-to-therapy,  the  generat-  so 
ing  means  including  a  battery  (128);  means  for  de- 
tecting  (114)  the  onset  of  a  cardiac  arrhythmia;  and 
means  for  delivering  the  therapeutic  shock  (1  44)  to 
the  patient's  heart  (106). 

55 
9.  A  device  as  claimed  in  Claim  8,  characterised  in  that 

the  operational  parameters  includes  battery  volt- 
age. 

9 
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