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©  Method  and  apparatus  for  capacitor  tolerance  compensation  in  a  cardiac  stimulating  device. 

©  A  method  and  apparatus  for  determining  the  actual  capacitance  of  a  capacitor  (12)  in  a  cardiac 
stimulating  device  (10)  in  order  to  determine  the  potential  capacitor  (12).  The  discharge  curve  (32)  of  the 
capacitor  (12)  is  measured  during  re-forming  to  determine  the  time  constant  of  the  capacitor  (12)  and  the 
dumping  resistor  (16),  and  hence  the  actual  capacitance. 
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This  invention  relates  to  cardiac  stimulating  de- 
vices  and  particularly  to  implantable  cardiac  stimulat- 
ing  devices,  including  implantable  cardiac  pacemak- 
ers  and  implantable  cardiac  defibrillators,  as  well  as 
implantable  cardioverters  and  cardioverter/  defibril- 
lators.  More  particularly,  this  invention  relates  to  a 
method  and  apparatus  for  compensating  for  the  tol- 
erance  in  a  capacitor  in  such  a  cardiac  stimulating  de- 
vice. 

An  implantable  cardiac  stimulating  device  is  de- 
signed  to  deliver  electrical  shocks,  or  "pulses,"  of 
varying  energy  content  to  the  heart  of  a  patient  in 
whom  it  is  implanted.  The  magnitude  of  the  electrical 
pulse  is  relatively  small  in  a  pacemaker,  relatively 
large  in  a  defibrillator,  and  somewhere  in  between  in 
a  cardioverter.  The  magnitude  of  the  electrical  pulse 
to  be  delivered  is  calibrated  in  terms  of  energy,  usu- 
ally  in  joules.  For  example,  a  pacemaker  might  deliver 
a  pulse  on  the  order  of  about  25  ^joules  to  about  30 
^joules,  while  a  defibrillator  might  deliver  a  pulse  on 
the  order  of  about  30  joules  to  about  40  joules. 

The  cardiac  stimulating  pulse  is  usually  produced 
by  discharging  a  capacitor  in  which  the  desired 
amount  of  energy  has  been  stored.  The  amount  of  en- 
ergy  E  stored  in  a  capacitor  having  a  capacitance  C 
is  determined  by  the  well  known  expression: 

E  =  0.5CV2,  (1) 
where  V  is  the  potential  to  which  the  capacitor  is 
charged. 

However,  capacitors  used  in  implantable  cardiac 
stimulating  devices  may  vary  from  their  nominal  ca- 
pacitance.  Indeed,  the  most  commonly  used  capaci- 
tors  in  such  devices  are  electrolytic  capacitors,  be- 
cause  of  their  higher  capacitances.  Such  capacitors 
need  periodic  (e.g.,  every  3-4  months)  "re-forming"  - 
-  a  full  charge  and  discharge  cycle  ~  to  maintain  their 
capacitance.  Electrolytic  capacitors  can  initially  vary 
from  their  nominal  capacitances  by  as  much  as 
+10%/-20%,  and  their  capacitance  further  changes 
with  time.  As  a  result,  the  stored  energy  can  vary  by 
as  much  as  +20%  from  the  calculated  value,  so  that 
the  pulse  delivered  to  the  patient  may  be  either  too 
small  to  have  its  desired  clinical  effect,  or  too  large, 
wasting  power. 

In  an  implantable  cardiac  stimulating  device, 
which  ideally  should  not  have  to  be  replaced,  it  is  de- 
sirable  that  appropriately  sized  pulses  be  delivered, 
both  to  achieve  the  desired  clinical  result  in  the  pa- 
tient  and  to  avoid  premature  battery  depletion  which 
would  necessitate  early  replacement.  Therefore,  ac- 
curate  calibration  of  pulse  energy  is  desirable. 

It  would  be  desirable  to  be  able  to  determine  the 
true  capacitance  of  a  capacitor  in  an  implantable  car- 
diac  stimulating  device,  or  to  otherwise  compensate 
for  variations  in  capacitance. 

It  would  also  be  desirable  to  be  able  to  determine 
the  capacitance,  or  to  compensate  for  variations  in 
capacitance,  without  having  to  provide  additional 

components  or  using  additional  battery  power. 
It  is  an  object  of  this  invention  to  be  able  to  deter- 

mine  the  true  capacitance  of  a  capacitor  in  an  im- 
plantable  cardiac  stimulating  device,  or  to  otherwise 

5  compensate  for  variations  in  capacitance. 
It  is  also  an  object  of  this  invention  to  be  able  to 

determine  the  capacitance,  or  to  compensate  for  va- 
riations  in  capacitance,  without  having  to  provide  ad- 
ditional  components  or  using  additional  battery  pow- 

10  er. 
In  accordance  with  this  invention,  there  is  provid- 

ed  a  method  for  determining  a  target  potential  to 
which  a  capacitor  in  a  cardiac  stimulating  device  must 
be  charged  to  allow  said  cardiac  stimulating  device  to 

15  deliver  a  desired  energy  output.  The  capacitor  has  a 
nominal  capacitance  and  an  actual  capacitance  that 
may  differ  from  the  nominal  capacitance,  and  is  in 
series  with  a  resistor  having  a  known  resistance.  The 
method  includes  changing  potential  on  the  capacitor, 

20  measuring  potential  on  one  of  (a)  the  capacitor,  and 
(b)  the  resistor,  while  the  potential  on  the  capacitor  is 
changing,  measuring  the  time  interval  required  forthe 
potential  on  that  one  of  (a)  the  capacitor,  and  (b)  the 
resistor,  to  fall  from  a  first  predetermined  potential  to 

25  a  second  predetermined  potential,  and  calculating 
the  target  potential  from  the  first  and  second  prede- 
termined  potentials,  the  time  interval,  the  known  re- 
sistance  and  the  desired  energy  output. 

Where  the  capacitor  is  an  electrolytic  capacitor 
30  requiring  re-forming  and  the  cardiac  stimulating  de- 

vice  contains  a  discharge  resistor  for  that  purpose, 
the  determination  of  target  potential  can  be  accom- 
plished  during  a  re-forming  cycle,  resulting  in  no  add- 
ed  power  consumption  to  make  the  determination. 

35  The  invention  also  extends  to  a  method  for  deter- 
mining  the  target  potential  to  which  the  capacitor  in 
the  cardiac  stimulating  device  should  be  charged  to 
allow  the  device  to  deliver  the  desired  energy  output, 
taking  into  account  any  variation  between  the  nominal 

40  capacitance  and  the  actual  capacitance,  without  in- 
creasing  power  consumption  in  the  device,  character- 
ised  in  that  the  cardiac  stimulating  device  includes:  a 
capacitor  having  a  nominal  capacitance  and  an  actual 
capacitance  that  may  differ  from  the  nominal  capac- 

45  itance,  a  power  source  for  charging  the  capacitor  to 
a  target  potential  for  delivering  the  desired  energy 
output,  a  potential  measuring  circuit  for  measuring  the 
potential  on  the  capacitor,  a  microprocessor  for  con- 
trolling  functions  of  the  device,  and  a  resistor  having 

so  a  known  resistance  for  reforming  the  capacitor;  and 
the  method  comprises  initiating  re-forming  of  the  ca- 
pacitor  including;  charging  the  capacitor  from  the 
power  source  to  a  first  predetermined  potential,  and 
discharging  the  capacitor  through  the  resistor;  meas- 

55  uring,  with  the  potential  measuring  circuit  the  poten- 
tial  on  the  capacitor  while  the  capacitor  is  discharging 
through  the  resistor;  measuring  the  microprocessor 
the  time  interval  required  for  the  capacitor  to  dis- 

2 
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charge  from  the  first  predetermined  potential  to  a  sec- 
ond  predetermined  potential;  and  calculating  with  the 
microprocessor  the  target  potential  from  the  first  and 
second  predetermined  potential,  the  time  interval, 
the  known  resistance  and  the  desired  energy  output. 

The  invention  also  extends  to  a  cardiac  stimulat- 
ing  device  including:  a  capacitor  having  a  nominal  ca- 
pacitance  and  an  actual  capacitance  that  may  differ 
from  the  nominal  capacitance;  a  power  source  for 
charging  the  capacitor  to  a  target  potential  for  deliv- 
ering  a  desired  energy  output;  a  potential  measuring 
circuit  for  measuring  the  potential  on  the  capacitor;  a 
microprocessor  for  control  ling  functions  of  the  cardiac 
stimulating  device,  and  a  resistor  having  a  known  re- 
sistance  for  re-forming  the  capacitor;  characterised  in 
that  the  capacitor,  the  resistor,  the  potential  measur- 
ing  circuit,  the  power  source  and  the  microprocessor 
constitute  apparatus  for  determining  the  target  poten- 
tial  to  which  the  capacitor  must  be  charged  to  allow 
the  cardiac  stimulating  device  to  deliver  the  desired 
energy  output,  taking  into  account  any  variation  be- 
tween  the  nominal  capacitance  and  the  actual  capac- 
itance  without  increasing  power  consumption  in  the 
cardiac  stimulating  device;  and  in  which  the  micropro- 
cessor  initiates  re-forming  of  the  capacitor  by  charg- 
ing  the  capacitor  from  the  power  source  to  a  first  pre- 
determined  potential  and  by  discharging  the  capaci- 
tor  through  the  resistor;  the  potential  measuring  cir- 
cuit  measures  potential  on  the  capacitor  while  the  ca- 
pacitor  is  discharging  through  the  resistor;  the  micro- 
processor  measures  the  time  interval  required  for  the 
capacitor  to  discharge  from  the  first  predetermined 
potential  to  a  second  predetermined  potential;  and 
the  microprocessor  calculates  the  target  potential 
from  the  first  and  second  predetermined  potentials, 
the  time  interval,  the  known  resistance  and  the  de- 
sired  energy  output. 

Preferably,  the  calculation  of  the  target  potential 
comprises  determining  the  actual  capacitance  from 
the  first  and  second  predetermined  potentials,  the 
time  interval  and  the  known  resistance  and  determin- 
ing  the  actual  capacitance  comprises  determining  a 
time  constant  for  a  series  circuit  of  the  capacitor  and 
the  resistor  from  the  first  and  second  predetermined 
potentials  and  the  time  interval.  Alternatively,  the  cal- 
culation  of  the  target  potential  comprises  calculating 
potential  from  the  first  and  second  predetermined  po- 
tentials,  the  time  interval  and  the  known  resistance. 

The  invention  may  be  carried  into  practice  in  va- 
rious  ways  and  some  embodiments  will  now  be  de- 
scribed  by  way  of  example  with  reference  to  the  ac- 
companying  drawings,  in  which: 

FIG.  1  is  a  partial  schematic  diagram,  partially  in 
block  form,  of  a  first  embodiment  of  a  cardiac 
stimulating  device  incorporating  the  present  in- 
vention; 
FIG.  2  is  a  graphic  representation  of  the  dis- 
charge  curve  for  the  capacitor  shown  in  FIG.  1  ; 

FIG.  3  is  a  representation  of  the  contents  of  a 
sample  lookup  table  in  accordance  with  the  pres- 
ent  invention; 
FIG.  4  is  a  simplified  schematic  representation  of 

5  the  high  voltage  generator  shown  in  FIG.  1; 
FIG.  5  is  a  flow  diagram  of  a  sample  software  rou- 
tine  used  by  the  microprocessor  shown  in  FIG.  1 
to  carry  out  the  method  of  the  present  invention; 
and 

10  FIG.  6  is  a  partial  schematic  diagram,  partially  in 
block  form,  of  a  second  preferred  embodiment  of 
a  cardiac  stimulating  device  incorporating  the 
present  invention. 
The  present  invention  relies  on  the  well  known  re- 

15  lationship  between  the  resistance  R  and  capacitance 
C,  respectively,  of  a  resistor  and  a  capacitor  in  series 
~  i.e.,  a  series  R-C  circuit.  In  such  a  circuit,  when 
charge  on  the  capacitor  is  discharged  through  the  re- 
sistor,  the  potential  on  the  capacitor  drops  in  accor- 

20  dance  with  the  relation: 
V(t)  =  V0e  -  <t/RC>, 

where  V0  is  the  initial  potential  on  the  capacitor,  t  is 
the  discharge  time,  R  is  the  resistance  and  C  is  the 
capacitance.  It  is  axiomatic  that  if  all  but  one  of  these 

25  quantities  are  known,  the  one  unknown  quantity  can 
be  determined;  in  the  present  invention,  it  is  the  ca- 
pacitance  that  is  unknown. 

Specifically,  in  accordance  with  the  present  in- 
vention,  the  capacitor  whose  value  is  uncertain  is 

30  charged  to  a  known  potential  V0  and  then  discharged. 
The  time  necessary  for  the  potential  on  the  capacitor 
to  drop  from  V0  to  a  predetermined  fraction  f  ~  e.g., 
one-half--  of  V0  is  measured,  and  is  used  to  calculate 
the  true  value  of  the  capacitance  C  as  follows: 

35  V(t)  =  fV0  =  V0e  -  <t/RC> 
f  =  e  -  ("RC) 

In  f  =  -  (t/RC) 
t/RC  =  ln(1/f) 

C  =  t/(Rln(1/f)).  (2) 
40  The  potential  needed  to  store  a  certain  energy  E 

at  a  capacitance  C  can  be  derived  from  relation  (1), 
above: 

V  =  V(2E/C).  (3) 
Thus,  once  the  capacitance  has  been  determined 

45  from  relation  (2),  the  target  potential  to  which  the  ca- 
pacitor  should  be  charged  to  store  energy  E  can  be 
determined  from  relation  (3). 

Alternatively,  relation  (2)  and  relation  (3)  can  be 
combined  to  yield  the  target  potential  directly  as  a 

so  function  of  the  time  interval  t  required  to  discharge 
from  V0  to  fV0: 

V  =  V((2ERIn(1/f))/t).  (4) 
Although  any  fraction  f  can  be  used,  in  a  prefer- 

red  embodiment  of  the  present  invention,  f  =  0.5. 
55  Therefore,  in  the  preferred  embodiment: 

C  =  t/Rln2  =  t/0.693R,  and  (5) 
V  =V(2ERIn2/t)  =  V(1.386RE/t).  (6) 

A  first  preferred  embodiment  of  a  cardiac  stimu- 
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lating  device  circuit  10  that  operates  in  accordance 
with  the  present  invention  is  shown  in  FIG.  1.  Only  the 
components  necessary  to  the  present  invention  are 
shown  in  FIG.  1,  the  remaining  components  being 
conventional  and  well  known  in  cardiac  stimulating 
devices.  In  particular,  circuit  10  includes  capacitor  12, 
having  capacitance  C,  on  which  the  energy  pulse  is 
to  be  stored  for  delivery  to  the  patient's  heart.  Prefer- 
ably,  capacitor  12  is  an  electrolytic  capacitor  having 
capacitance  C  on  the  order  of  about  150  Capacitor 
12  is  charged  by  high  voltage  generator  14,  which  as 
stated  above  may  be  of  conventional  design  for  a  car- 
diac  stimulating  device. 

Circuit  10  also  includes  resistor  16  having  resis- 
tance  R,  and  switch  18  which,  when  closed,  puts  re- 
sistor  16  in  series  with  capacitor  12  for  discharging 
capacitor  12.  Resistance  R  of  resistor  16  is  preferably 
between  about  10  kQ  and  about  100  kQ,  and  in  any 
event  is  made  (a)  small  enough  that  the  current 
through  resistor  16  during  discharge  of  capacitor  12 
is  much  greater  than  the  capacitor  leakage  current, 
and  (b)  large  enough  so  that  resistor  peak  power  dis- 
sipation  during  capacitor  discharge  is  not  excessively 
high  (e.g.,  to  avoid  unacceptable  temperature  in- 
crease  in  the  cardiac  stimulating  device).  Resistor  16 
and  switch  1  8  would  normally  already  be  present  in  a 
conventional  cardiac  stimulating  device  of  the  type  in 
which  capacitor  12  is  of  the  electrolytic  type,  for  use 
in  reforming  capacitor  12.  Even  where  re-forming  is 
not  contemplated,  or  in  addition  to  being  provided  for 
reforming,  such  a  resistor  would  also  be  provided  to 
allow  charge  to  be  drained  from  the  capacitor  if  the  re- 
maining  charge  from  a  previous  pulse  exceeds  the  re- 
quirements  for  an  upcoming  pulse.  Resistor  16  is 
therefore  sometimes  referred  to  as  a  "dumping  resis- 
tor." 

The  present  invention  allows  these  components 
to  be  used  ~  during  the  re-forming  process  or  other- 
wise  -  to  also  determine  the  true  capacitance  of  ca- 
pacitor  12,  thus  allowing  such  a  determination  to  be 
made  without  requiring  any  additional  components  in 
a  device  for  which  maintaining  a  small  size  is  impor- 
tant.  Because  the  method  of  the  invention  is  prefer- 
ably  carried  out  during  re-forming  which  occurs  in  any 
event,  it  also  requires  no  power  consumption  beyond 
that  necessary  for  ordinary  device  operation,  which  is 
important  in  a  device  for  which  battery  replacement 
requires  surgery  and  which  is  intended  to  last  a  life- 
time. 

Voltage  measuring  circuit  20,  which  measures 
the  potential  on  capacitor  12  (or  resistor  16)  and 
which  is  also  used  in  the  re-forming  process,  is  used 
in  the  present  invention  to  determine  when  the  poten- 
tial  on  capacitor  12  (or  resistor  16)  has  reached  the 
predetermined  potential  fV0  and,  as  a  result,  termin- 
ates  further  charging  by  the  high  voltage  generator 
14.  The  analog  output  of  voltage  measuring  circuit  20 
is  digitized  by  analog-to-digital  converter  22  and  fed 

to  microprocessor  24,  which  controls  circuit  10  (and 
all  operations  of  the  cardiac  stimulating  device). 

Microprocessor  24  includes,  either  on  board  or  as 
a  separate  circuit  element,  a  timer  26  which  can 

5  measure  the  time  interval  t  as  well  as  perform  other 
timing  functions  such  as  determining  when  it  is  time 
to  re-form  capacitor  12.  Microprocessor  24  also  has 
associated  random  access  memory  28,  as  well  as  a 
lookup  table  30  whose  function  will  be  described  in 

10  more  detail  below. 
Microprocessor  24  initiates  the  process  of  the 

present  invention  at  programmed  intervals,  as  meas- 
ured,  e.g.,  by  timer  26,  or  at  intervals  established  by 
a  physician  when  using  a  pacemaker  programmer.  As 

15  set  forth  above,  the  programmed  intervals  may  be 
those  at  which  re-forming  of  capacitor  12  is  required. 
The  interval  should  be  such  that  the  value  of  capac- 
itance  C  would  not  be  expected  to  change  so  much 
during  such  an  interval  that  the  previously  deter- 

20  mined  value  could  not  be  used  reliably  in  determining 
the  energy  pulse  to  be  delivered  to  the  patient.  Micro- 
processor  24  instructs  high  voltage  generator  14  to 
charge  capacitor  12  to  potential  V0,  which  might  be 
that  ordinarily  used  in  the  re-forming  process.  Switch 

25  1  8  is  then  closed  and  timer  26  measures  the  time  in- 
terval  t  until  voltage  measuring  circuit  20  shows  that 
the  potential  on  capacitor  12  has  fallen  to  fV0. 

FIG.  2  shows  an  example  of  a  discharge  curve  32 
for  capacitor  12,  having  been  initially  charged  to  a  po- 

30  tential  V0.  As  shown,  the  potential  on  capacitor  12  falls 
to  0.5Vo  after  0.693RC  or  69.3%  of  the  "time  con- 
stant"  of  a  series  circuit  of  capacitor  12  and  resistor 
1  6  having  capacitance  C  and  resistance  R  respective- 
ly.  After  one  full  time  constant,  the  potential  has  fallen 

35  to  0.368Vo. 
Once  the  desired  time  interval  has  been  meas- 

ured,  it  can  be  stored  by  microprocessor  24  in  random 
access  memory  28  for  later  use  in  relation  (4)  (or  re- 
lation  (6)  where  f  =  0.5)  in  determining  the  target  po- 

40  tential  for  capacitor  12  for  a  pulse  of  energy  E.  Alter- 
natively,  microprocessor  24  can  use  time  interval  t  in 
conjunction  with  relation  (2)  (or  relation  (5)  where  f  = 
0.5)  to  determine  the  actual  value  of  C,  which  can  be 
stored  in  random  access  memory  28.  The  stored  val- 

45  ue  of  C  can  then  be  used  by  microprocessor  24  in  con- 
junction  with  relation  (3)  in  determining  the  target  po- 
tential  for  capacitor  12  for  a  pulse  of  energy  E. 

Although  microprocessor  24  can  be  used  to  ac- 
tually  compute  the  necessary  target  potential  for  ca- 

50  pacitor  12  when  called  upon  to  deliver  a  pulse  of  en- 
ergy  E,  using  the  stored  value  of  either  t  or  C,  it  may 
be  faster  to  provide  lookup  table  30  as  part  of  circuit 
10,  either  as  a  separate  component  or  stored  in  ran- 
dom  access  memory  28.  Lookup  table  30  may  contain 

55  a  matrix  or  table  of  target  potentials  for  different  en- 
ergy  values  as  a  function  of  the  stored  time  interval  t. 
Alternatively,  and  more  particularly  preferred  in  the 
present  invention,  lookup  table  30  can  contain  a  ma- 

4 
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trix  or  table  of  target  potentials  fordifferent  energy  val- 
ues  as  a  function  of  the  stored  value  of  capacitance 
C.  Such  a  table  is  shown  in  FIG.  3. 

As  shown  in  FIG.  3,  the  nominal  capacitance  C  of 
capacitor  12  is  150  F̂,  and  target  potentials  for  del  iv-  5 
ering  energy  pulses  between  5  joules  and  40  joules 
(for  a  defibrillator)  are  shown  for  that  capacitance. 
Similar  values  may  be  stored  for  capacitances  of  140 
nF,  145  nF,  155  p.F  and  160  |*F,  as  shown,  and  for 
other  values  of  C  (not  shown)  if  a  greater  variation  is  10 
possible. 

If  a  lookup  table  30  ~  e.g.,  as  shown  in  FIG.  3  ~ 
is  used,  microprocessor  24  would  look  in  the  row  for 
the  desired  energy  value  and  the  column  for  the  de- 
termined  capacitance  (or  time  interval)  to  determine  15 
the  target  potential  for  charging  capacitor  12.  If  the 
determined  capacitance  (or  time  interval)  is  not  spe- 
cifically  provided  for  in  lookup  table  30,  microproces- 
sor24  can  use  the  potential  value  from  the  column  for 
the  capacitance  (or  time  interval)  that  is  closest  to  the  20 
determined  value  or,  if  more  precision  is  required,  mi- 
croprocessor  24  can  interpolate  between  the  values 
in  the  two  closest  columns  using  linear  interpolation 
or  any  other  suitable  interpolation  technique. 

Alternatively,  it  may  be  possible  to  provide  a  plur-  25 
ality  of  lookup  tables.  One  lookup  table  would  provide 
the  nominal  potential  fora  desired  energy  pulse,  while 
another  lookup  table  would  provide  an  offset  potential 
based  on  the  stored  value  of  t  or  C  as  determined  in 
accordance  with  the  invention.  Microprocessor  24  30 
would  add  the  offset  potential  from  the  second  lookup 
table  to  the  nominal  potential  from  the  first  lookup  ta- 
ble  to  determine  the  target  potential. 

Although  the  invention  has  thus  far  been  descri- 
bed  in  terms  of  an  embodiment  including  resistor  16,  35 
it  may  be  implemented  without  resistor  16  ~  e.g.,  us- 
ing  the  internal  resistance  of  high  voltage  generator 
14.  Such  an  implementation  could  be  used  where  a 
re-forming  resistor  16  is  not  already  provided  -  such 
as  in  a  cardiac  stimulating  device  that  does  not  in-  40 
elude  an  electrolytic  capacitor  ~  in  keeping  with  the 
object  of  the  invention  not  to  require  additional  com- 
ponents.  As  seen  in  FIG.  4,  high  voltage  generator  14 
can  be  considered  schematically  as  a  source  of  po- 
tential  34  and  an  internal  resistance  36.  At  the  mo-  45 
ment  the  process  of  charging  capacitor  12  is  selected, 
there  is  no  current  flow  in  capacitor  12,  and  thus  in- 
stantaneously  there  is  no  potential  difference  across 
resistance  36.  Then,  at  the  moment  current  starts  to 
flow,  a  potential  difference  between  potential  source  50 
34  and  capacitor  12  appears  on  resistance  36,  de- 
creasing  exponentially  as  capacitor  12  is  charged.  By 
measuring  the  potential  on  capacitor  12  using  circuit 
20,  and  subtracting  out  the  potential  of  source  34,  the 
potential  on  resistance  36  can  be  determined.  The  55 
falling  potential  on  resistance  36  as  capacitor  12  is 
charged  can  be  measured  just  as  the  falling  potential 
on  capacitor  12  as  it  is  discharged  is  measured  in  the 

first  preferred  embodiment,  and  the  time  constant, 
and  therefore  the  value  of  capacitance  C,  can  be  de- 
termined. 

Apreferred  embodiment  of  the  method  according 
to  the  present  invention  is  diagrammed  in  FIG.  5  as  it 
might  be  programmed  into  micro-  processor  24  in  suit- 
able  microcode  form  or  in  any  higher  level  computing 
language.  The  method  starts  at  test  38  where  the  sys- 
tem  determines  (e.g.,  based  on  timer  26)  whether  or 
not  the  predetermined  time  interval  for  re-forming  the 
capacitor  has  passed.  If  not,  the  system  continues  to 
loop  back  to  test  38.  If,  at  test  38,  the  predetermined 
time  interval  for  re-forming  the  capacitor  has  passed, 
then  at  step  40  the  capacitor  is  charged  to  the  prede- 
termined  maximum  value,  and  at  step  42  it  is  dis- 
charged  through  the  dumping  resistor.  At  step  44,  the 
time  interval  for  the  capacitor  to  discharge  to  half  the 
predetermined  maximum  value  is  measured,  and  the 
actual  value  of  capacitance  C  is  computed  at  step  46 
from  relation  (5)  and  stored  (or  at  step  46  the  meas- 
ured  time  interval  t  may  simply  be  stored).  The  system 
then  finishes  the  reforming  process  at  step  48  and 
loops  back  to  test  38  to  wait  for  the  next  re-forming 
interval.  In  the  interim,  the  stored  value  of  capaci- 
tance  C  (or  time  interval  t)  will  be  used  if  it  becomes 
necessary  to  deliver  an  energy  pulse  to  the  patient. 

A  more  particularly  preferred  embodiment  110  of 
the  present  invention  is  shown  in  FIG.  6.  Circuit  110 
is  similar  to  circuit  10,  except  that  analog-to-digital 
converter  22  is  replaced  by  digital-to-analog  conver- 
ter  50  and  comparator  52.  Circuit  110  can  follow  the 
falling  potential  on  capacitor  12  better  than  circuit  10 
because  digital-to-analog  converter  50  is  faster  than 
analog-to-digital  converter  22,  which  might  not  be 
able  to  follow  in  real  time  the  very  rapid  discharge  of 
capacitor  1  2.  Analog-to-digital  converter  22  is  still  fast 
enough  to  measure  the  charging  of  capacitor  12  and 
may  be  retained  in  the  cardiac  stimulating  device  for 
other  functions,  including,  possibly,  monitoring  the 
charging  of  capacitor  12,  but  in  this  embodiment  it  is 
not  used  in  the  portion  of  the  cardiac  stimulating  de- 
vice  associated  with  the  present  invention,  and  so  it 
is  not  shown  in  FIG.  6. 

Circuit  110  operates  like  circuit  10,  except  that  mi- 
croprocessor  24  outputs  the  voltage  value,  to  which 
the  potential  on  capacitor  12  must  fall  to  establish  the 
time  interval  t,  as  a  digital  output  at  54.  Digital  output 
54  is  converted  to  an  analog  signal  56  by  digital-to- 
analog  converter  50  and  serves  as  one  input  to  com- 
parator  52.  The  other  input  to  comparator  52  is  the 
output  58  of  voltage  measuring  circuit  20. 

When  it  is  desired  to  determine  time  interval  t  to 
calibrate  the  true  capacitance  of  capacitor  12,  micro- 
processor  24  causes  capacitor  12  to  be  charged  to  a 
known  potential  V0  as  above.  Microprocessor  24  can 
also  immediately  or  shortly  thereafter  output  the  val- 
ue  fV0,  to  which  the  potential  on  capacitor  12  will  fall 
to  define  time  interval  t,  as  a  digital  signal  at  54.  When 
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the  actual  potential  Vc  on  capacitor  12  falls  to  fV0, 
comparator  52,  which  has  Vc  as  one  input  and  fV0  as 
its  other  input,  will  change  state  relatively  rapidly.  This 
change  of  state  is  monitored  by  microprocessor  24  at 
60,  and  the  determination  of  time  interval  t  is  made 
quickly  on  the  detection  of  the  change  of  state  at  60. 
In  contrast,  in  circuit  10,  microprocessor  24  must  con- 
tinually  monitorthe  output  of  analog-to-digital  conver- 
ter  22  and  calculate  when  that  output  is  equal  to  fV0. 
In  circuit  110,  there  is  no  such  need  to  calculate,  so 
that  the  change  of  state  is  detected  more  quickly,  and 
in  addition  microprocessor  resources  are  conserved. 
One  skilled  in  the  art  will  appreciate  that  there  are,  of 
course,  still  other  ways  to  monitorthe  potential  Vc  on 
capacitor  12  and  rapidly  detect  when  that  potential  Vc 
reaches  fV0. 

Thus  it  is  seen  that  a  method  and  apparatus  for 
determining  a  target  potential  to  which  a  capacitor  in 
a  cardiac  stimulating  device  must  be  charged  to  allow 
the  cardiac  stimulating  device  to  deliver  a  desired  en- 
ergy  output,  taking  into  account  capacitor  tolerances 
and  variations,  without  using  additional  battery  power 
or  requiring  additional  components,  are  provided. 
One  skilled  in  the  art  will  appreciate  that  the  present 
invention  can  be  practiced  by  other  than  the  descri- 
bed  embodiments,  which  are  presented  for  purposes 
of  illustration  and  not  of  limitation,  and  the  present  in- 
vention  is  limited  only  by  the  claims  which  follow. 

Claims 

1.  A  method  for  determining  a  target  potential  to 
which  a  capacitor  (12)  in  a  cardiac  stimulating  de- 
vice  (10)  must  be  charged  to  allow  the  cardiac 
stimulating  device  (1  0)  to  deliver  a  desired  energy 
output,  in  which  the  capacitor  (12)  has  a  nominal 
capacitance  and  an  actual  capacitance  that  may 
differ  from  the  nominal  capacitance  and  is  in  ser- 
ies  with  a  resistor  (16)  having  a  known  resis- 
tance,  characterised  in  that  the  method  compris- 
es:  changing  the  potential  on  the  capacitor  (12); 
measuring  the  potential  on  either  the  capacitor 
(12)  or  the  resistor  (16),  while  the  potential  on  the 
capacitor  (12)  is  changing;  measuring  the  time  in- 
terval  required  for  said  potential  on  the  capacitor 
(12)  or  the  resistor  (16)  to  fall  from  a  first  prede- 
termined  potential  to  a  second  predetermined  po- 
tential;  and  calculating  the  target  potential  from 
the  first  and  second  predetermined  potentials, 
the  time  interval,  the  known  resistance  and  the 
desired  energy  output. 

2.  A  method  as  claimed  in  Claim  1  ,  characterised  in 
that  the  step  of  changing  the  potential  on  the  ca- 
pacitor  (12)  comprises  discharging  the  capacitor 
(12)  from  the  first  predetermined  potential  to  the 
second  predetermined  potential,  and  the  poten- 

tial  measured  is  that  on  the  capacitor  (12). 

3.  A  method  for  determining  the  target  potential  to 
which  the  capacitor  (1  2)  in  the  cardiac  stimulating 

5  device  (1  0)  should  be  charged  to  allow  the  device 
(10)  to  deliver  the  desired  energy  output,  taking 
into  account  any  variation  between  the  nominal 
capacitance  and  the  actual  capacitance,  without 
increasing  power  consumption  in  the  device, 

10  characterised  in  that  the  cardiac  stimulating  de- 
vice  (10)  includes:  a  capacitor  (12)  having  a  nom- 
inal  capacitance  and  an  actual  capacitance  that 
may  differ  from  the  nominal  capacitance,  a  power 
source  (14)  for  charging  the  capacitor  (12)  to  a 

15  target  potential  for  delivering  the  desired  energy 
output,  a  potential  measuring  circuit  (20)  for 
measuring  the  potential  on  the  capacitor  (12),  a 
microprocessor  (24)  for  controlling  functions  of 
the  device  (10),  and  a  resistor  (16)  having  a 

20  known  resistance  for  reforming  the  capacitor 
(12);  and  the  method  comprises  initiating  reform- 
ing  of  the  capacitor  (12)  including;  charging  the 
capacitor  (12)  from  the  power  source  (14)  to  a 
first  predetermined  potential,  and  discharging 

25  the  capacitor  (12)  through  the  resistor  (16); 
measuring,  with  the  potential  measuring  circuit 
(20)  the  potential  on  the  capacitor  (12)  while  the 
capacitor  (12)  is  discharging  through  the  resistor 
(16);  measuring  the  microprocessor  (24,26)  the 

30  time  interval  required  forthe  capacitor  (12)  to  dis- 
charge  from  the  first  predetermined  potential  to  a 
second  predetermined  potential;  and  calculating 
with  the  microprocessor  (24)  the  target  potential 
from  the  first  and  second  predetermined  poten- 

35  tial,  the  time  interval,  the  known  resistance  and 
the  desired  energy  output. 

4.  A  method  as  claimed  in  any  preceding  Claim, 
characterised  in  that  the  step  of  calculating  the 

40  target  potential  comprises  determining  the  actual 
capacitance  from  the  first  and  second  predeter- 
mined  potentials,  the  time  interval  and  the  known 
resistance. 

45  5.  A  method  as  claimed  in  Claim  4,  characterised  in 
that  the  step  of  determining  the  actual  capaci- 
tance  comprises  determining  a  time  constant  for 
a  series  circuit  of  the  capacitor  (12)  and  the  resis- 
tor  (16)  from  the  first  and  second  predetermined 

so  potentials  and  the  time  interval. 

6.  Amethod  as  claimed  in  any  of  Claims  1  to  3,  char- 
acterised  in  that  step  of  calculating  the  target  po- 
tential  comprises  calculating  potential  from  the 

55  first  and  second  predetermined  potentials,  the 
time  interval  and  the  known  resistance. 

7.  Amethod  as  claimed  in  any  of  Claims  2  to  6,  char- 

6 
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acterised  in  that  the  second  predetermined  po- 
tential  is  one-half  the  value  of  the  first  predeter- 
mined  potential. 

8.  A  method  as  claimed  in  Claim  7,  characterised  in  5 
that  the  target  potential  is  calculated  in  accor- 
dance  with  one  of  the  formulae: 

Vc  =  >(1.386RE/t), 
Vc  =  >[2RE1n(x)/t], 

where  Vc  is  the  target  potential,  R  is  the  known  10 
resistance,  E  is  the  desired  energy  output,  it  is 
the  time  interval,  and  x  is  the  ratio  of  the  first  pre- 
determined  potential  to  the  second  predeter- 
mined  potential. 

15 
9.  A  cardiac  stimulating  device  (10)  including:  a  ca- 

pacitor  (12)  having  a  nominal  capacitance  and  an 
actual  capacitance  that  may  differ  from  the  nom- 
inal  capacitance;  a  power  source  (14)  for  charg- 
ing  the  capacitor  (12)  to  a  target  potential  for  de-  20 
livering  a  desired  energy  output;  a  potential 
measuring  circuit  (20)  for  measuring  the  potential 
on  the  capacitor  (12);  a  microprocessor  (24)  for 
controlling  functions  of  the  cardiac  stimulating  de- 
vice  (10),  and  a  resistor  (16)  having  a  known  re-  25 
sistance  for  re-forming  the  capacitor  (12);  char- 
acterised  in  that  the  capacitor  (12),  the  resistor 
(16),  the  potential  measuring  circuit  (20),  the 
power  source  (14)  and  the  microprocessor  (24) 
constitute  apparatus  for  determining  the  target  30 
potential  to  which  the  capacitor  (12)  must  be 
charged  to  allow  the  cardiac  stimulating  device 
(10)  to  deliver  the  desired  energy  output,  taking 
into  account  any  variation  between  the  nominal 
capacitance  and  the  actual  capacitance  without  35 
increasing  power  consumption  in  the  cardiac 
stimulating  device  (10);  and  in  which  the  micro- 
processor  (24)  initiates  re-forming  of  the  capaci- 
tor  (12)  by  charging  the  capacitor  (12)  from  the 
power  source  (14)  to  a  first  predetermined  poten-  40 
tial  and  by  discharging  the  capacitor  (12)  through 
the  resistor  (16);  the  potential  measuring  circuit 
(20)  measures  potential  on  the  capacitor  (12) 
while  the  capacitor  (12)  is  discharging  through 
the  resistor  (16);  the  microprocessor  (24)  meas-  45 
ures  the  time  interval  required  for  the  capacitor 
(12)  to  discharge  from  the  first  predetermined  po- 
tential  to  a  second  predetermined  potential;  and 
the  microprocessor  (24)  calculates  the  target  po- 
tential  from  the  first  and  second  predetermined  50 
potentials,  the  time  interval,  the  known  resis- 
tance  and  the  desired  energy  output. 

10.  A  device  as  claimed  in  Claim  9,  characterised  in 
that  the  microprocessor  (24)  calculates  the  target  55 
potential  by  determining  the  actual  capacitance 
from  the  first  and  second  predetermined  poten- 
tials,  the  time  interval  and  the  known  resistance, 

preferably  by  determining  a  time  constant  for  a 
series  circu  it  of  t  he  capacitor  (1  2)  and  t  he  resistor 
(16). 

11.  A  device  as  claimed  in  Claim  9,  characterised  in 
that  the  microprocessor  (24)  calculates  the  target 
potential  from  the  first  and  second  predeter- 
mined  potentials,  the  time  interval  and  the  known 
resistance. 

12.  A  device  as  claimed  in  Claims  9  to  11,  character- 
ised  in  that  the  second  predetermined  potential 
is  one-half  of  the  value  of  the  first  predetermined 
potential. 

1  3.  A  device  as  claimed  in  any  of  Claims  9  to  1  2,  char- 
acterised  in  that  the  microprocessor  (24)  calcu- 
lates  said  target  potential  in  accordance  with  one 
of  the  formulae: 

Vc  =  >  (1  .386RE/t) 
Vc  =  >[2RE1n(x)/t], 

where  Vc  is  the  target  potential,  R  is  the  known 
resistance,  E  is  the  desired  energy  output,  t  is  the 
time  interval,  and  x  is  the  ratio  of  the  first  prede- 
termined  potential  to  the  second  predetermined 
potential. 

14.  A  device  as  claimed  in  Claim  13,  characterised  by 
a  lookup  table  loaded  in  accordance  with  one  or 
other  formula,  the  microprocessor  (24)  calculat- 
ing  the  target  potential  with  reference  to  a  lookup 
table  (30). 

15.  A  device  as  claimed  in  Claim  14,  characterised  in 
that  the  microprocessor  (24)  interpolates  be- 
tween  values  in  the  lookup  table  (30). 
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