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©  Method  and  apparatus  for  measuring  partial  pressure  of  oxygen  in  a  fluid. 

©  A  sensor  10  that  includes  a  fluorescing  dye  is 
contacted  by  a  fluid  containing  the  unknown  quantity 
of  oxygen.  The  dye  is  excited  by  a  light  pulse  18. 
The  rate  of  decay  of  the  light  24  produced  by  the 
excited  dye  is  measured  and  is  converted  to  the 
pressure  of  the  oxygen  in  the  fluid. 
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i/lethod  and  Apparatus  for  Measuring  Partial  Pressure  of  Oxygen  in  a  Fluid  Abstract 

This  invention  relates  to  a  method  and  appara- 
:us  for  measuring  partial  pressure  of  oxygen  (PO2), 
and  particularly  relates  to  the  in  vivos  measure- 
nent  of  the  partial  pressure  of  oxygen  in  the  blood 
Df  humans. 

U.S.  Patent  No.  4,476,870,  discloses  a  method 
and  apparatus  for  measuring  oxygen  in  human 
Dlood.  The  patent  describes  a  probe  or  sensor 
which  is  inserted  in  the  oxygen-containing  fluid 
[blood).  The  probe  contains  a  fluorescent  dye  that 
s  sensitive  to  oxygen  quenching. 

The  dye  is  excited  by  a  blue  light  and  flu- 
Dresces.  The  fluorescence,  a  green  light,  is  mea- 
sured  and  the  ratio  of  the  intensity  of  the  excitation 
light  to  the  green  light  is  a  measure  of  the  quench- 
ing  effect  of  the  oxygen  in  the  blood.  The  problem 
with  the  Peterson  method  and  other  methods  simi- 
lar  to  it  is  that  the  calculation  of  blood  pressure 
rests  upon  a  determination  of  the  absolute  intensity 
of  excitation  and  the  intensity  of  the  fluorescence. 
There  are  factors  in  the  system  that  can  cause 
variation  of  the  intensity  of  fluorescence  that  are 
not  easily  controlled.  The  aging  of  the  dye  is  one 
of  them.  The  amount  of  dye  is  another.  The  quality 
of  the  matrix  holding  the  dye  is  still  another.  There- 
fore,  when  measuring  the  level  of  intensity  of  flu- 
orescence  of  the  dye,  the  operator  cannot  be  sure 
that  the  conditions  have'  not  varied  from  standard 
conditions  under  which  the  apparatus  was  cali- 
brated. 

It  is  an  object  of  the  present  invention  to  pro- 
vide  a  method  and  apparatus  for  measuring  the 
partial  pressure  of  oxygen  in  a  fluid  such  as  human 
biood  and  to  eliminate  the  effects  of  variables  that 
may  cause  variations  in  the  intensity  of  the  fluores- 
cence  of  the  excited  dye. 

This  object  with  the  invention  is  attained  in 
accordance  by  measuring  the  rate  of  decay  of  the 
fluorescence.  If  a  known  fluorescing  dye  is  excited 
by  a  pulse  of  light  of  known  wavelength  to  cause 
the  dye  to  fluoresce,  the  intensity  of  fluorescence 
will  always  decay  at  the  same  rate  regardless  of 
the  level  of  intensity  attained.  Thus,  if  the  rate  of 
decay  of  the  level  of  intensity  is  measured,  it  will 
be  unaffected  by  any  extraneous  factors  that  would 
tend  to  vary  the  absolute  level  of  intensity  of  the 
fluorescing  dye. 

Preferably,  a  dye  such  as  fluoranthene  in  a 
matrix  of  silicone  rubber  is  inserted  into  the  O2 
containing  fluid.  The  dye  is  excited  by  a  short 
pulse  (3  nanoseconds).  The  dye  will  fluoresce  and 
the  emitted  light  will  be  received  at  its  maximum 
intensity  in  about  30  nanoseconds  from  the  time 
that  the  laser  source  emits  its  pulse.  The  intensity 
of  the  light  at  that  point  in  time  is  measured  and 

stored.  After  a  certain  period,  10  nanoseconds  tor 
example,  the  intensity  of  emitted  light  is  again 
measured  and  stored.  The  difference  between  the 
two  values  is  a  measure  of  the  quenching  effort  of 

5  the  O2  and  hence  the  partial  pressure  of  the  O2. 
As  a  preliminary  to  the  application  of  the  inven- 

tion,  a  series  of  samples  having  known,  gradually 
varying  amounts  of  oxygen  are  monitored  in  ap- 
paratus  as  disclosed  above,  thereby  producing  a 

to  series  of  decay  rates.  This  series  of  decay  rates 
can  be  stored  in  a  computer  as  a  "look-up  table" 
against  which  the  decay  rate  for  an  unknown  sam- 
ple  is  compared.  Or,  alternatively,  an  equation 
based  on  a  curve  of  the  known  decay  rates  versus 

;5  oxygen  pressures  can  be  prepared  and  stored  in 
the  computer  as  the  basis  for  determining  the 
oxygen  pressure  of  the  sample. 

An  apparatus  in  accordance  with  the  present 
invention  is  characterised  by  a  sensor  containing  a 

20  fluorescable  substance,  means  for  subjecting  the 
substance  to  a  pulse  of  light  of  a  preselected 
wavelength,  so  exciting  the  substance  to  fluores- 
cence,  means  for  measuring  the  intensity  of  flu- 
orescence,  as  it  decays,  at  two  discrete  intervals  in 

25  time  and  means  for  converting  the  rate  of  decay  of 
intensity  to  the  partial  pressure  of  oxygen. 

The  light  source  of  the  apparatus  may  be  a 
pulse  laser,  which  generates  a  pulse  preferably  3-5 
nanoseconds  in  duration.  The  measuring  means  of 

30  the  apparatus  preferably  comprises  means  for  con- 
verting  the  intensity  of  the  fluorescence  to  a  volt- 
age  to  which  a  pair  of  track  or  hold  amplifiers  are 
connected  to  receive  a  decaying  voltage  propor- 
tional  to  the  intensity  of  fluorescence.  A  pair  of  time 

35  delay  units  are  triggered  by  the  emitted  pulse  of 
light  and  cause  the  voltage  corresponding  to  the 
intensity  to  be  held  by  the  track  or  hold  amplifiers 
at  two  discrete  intervals  in  time,  determined  by  the 
time  delay  units. 

40  The  present  invention  will  now  be  described  by 
way  of  example  with  reference  to  the  accompany- 
ing  drawings  in  which: 

Fig.  1  is  a  block  diagram  of  the  optical  and 
electrical  apparatus  in  accordance  with  the  present 

45  invention; 
Fig.  2  is  a  graph  of  several  curves  of  fluores- 

cence  intensity  versus  time  for  several  O2  bearing 
samples;  and 

Fig.  3  is  a  curve  of  oxygen  pressures  versus 
50  decay  rates. 

Referring  to  Fig.  1,  a  sensor  10  is  connected  to 
the  end  of  an  optical  fiber  11.  The  sensor  10  may 
be  any  material  that  fluoresces  when  excited  and 
whose  fluorescence  is  quenched  by  oxygen,  for 
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example,  perylene  dibutyrate  or  fluoranthene  car- 
ried  in  an  silicone  rubber  matrix.  A  source  of  pul- 
sed  laser  15  is  positioned  adjacent  a  first  beam 
splitter  16  and  a  second  beam  splitter  17.  The  first 
beam  splitter  16  passes  approximately  90%  of  its 
energy,  indicated  as  being  18,  and  reflects  approxi- 
mately  10%  of  its  energy,  indicated  as  being  19,  at 
right  angles.  The  beam  splitter  1  7  is  specially  coat- 
ed  to  reflect  approximately  100%  of  the  beam  of 
the  laser  pulse  18  through  a  lens  20  into  the  optical 
fiber  11.  The  pulse  excites  the  dye  causing  it  to 
fluoresce  or  luminesce,  the  wavelength  of  lumines- 
cence  being  in  the  blue-green  portion  of  the  spec- 
trum.  That  fluorescence  will  immediately  decay. 
The  slope  of  its  decay  curve  will  vary  with  the 
percentage  of  O2  in  the  fluid.  Three  representative 
curves  for  0%,  21%  and  100%  O2  are  shown  in 
Fig.  2.  The  beam  splitter  17  is  adapted  to  pass 
substantially  100%  of  that  emitted  wavelength. 

Adjacent  the  beam  splitter  16  is  a  trigger 
photodiode  25  that  is  connected  to  first  and  second 
time  delay  units.  The  time  delay  units  26  and  27 
are  connected  respectively  to  track  or  hold  amplifi- 
ers  28  and  29.  Adjacent  the  beam  splitter  17  is  an 
interference  filter  35  that  passes  the  blue-green 
emitted  beam  24.  A  lens  37  focuses  the  beam  on  a 
fluorescence  diode  38  that  converts  the  intensity  of 
the  beam  24  to  a  voltage  proportional  to  the  inten- 
sity.  The  output  of  the  photodiode  38  is  connected 
through  an  amplifier  39  to  the  track  or  hold  amplifi- 
ers  28  and  29.  When  the  track  or  hold  amplifiers 
are  triggered  by  their  respective  time  delay  units 
26  and  27,  they  will  hold  the  level  of  voltage 
received  from  amplifier  39.  The  output  of  each 
track  and  hold  amplifier  is  at  a  voltage  level  propor- 
tional  to  the  intensity  of  the  beam  24  at  the  times 
that  the  time  delay  units  26  and  27  triggered  the 
track  or  hold  amplifiers  28  and  29.  The  respective 
outputs  of  the  amplifiers  28  and  29  are  connected 
to  a  multiplexer  45  which  feeds  a  signal  to  an 
analog-to-digital  converter  46,  the  output  of  which 
is  fed  to  a  computer  50.  The  computer  has  a 
display  51  associated  with  it  which  preferably  is  in 
mmHg  units  so  as  to  display,  in  substantially  real 
time,  the  actual  partial  pressure  of  oxygen-bearing 
fluid  in  which  the  sensor  1  0  is  introduced. 

In  a  representative  operation  of  the  apparatus 
of  Fig.  1,  the  sensor  10  is  introduced  into  the 
bloodstream  of  the  patient.  The  laser  source  15  will 
send  a  pulse  of  approximately  3  nanoseconds  du- 
ration  through  beam  splitter  16  to  beam  splitter  17. 
Beam  splitter  17  directs  the  pulse  through  the  lens 
20  which  focuses  it  onto  the  optical  fiber  11.  The 
pulse  excites  the  dye  in  the  sensor  10,  causing  it 
to  fluoresce,  the  fluorescence,  at  a  wavelength  of 
360  nanometers,  passes  through  the  optical  fiber, 
lens  20,  beam  splitter  17,  filter  35  and  lens  37  to 
the  fluorescence  photodiode  38  where  it  is  con- 

verted  to  a  voltage.  The  intensity  of  the  fluores- 
cence  decays  in  a  curve  such  as  is  shown  in  Fig. 
2.  The  voltage  output  of  the  photodiode  decays 
proportionately.  That  decaying  voltage  is  amplified 

s  by  amplifier  39,  the  output  of  which  is  connected  to 
the  two  track  and  hold  amplifiers. 

Approximately  30  nanoseconds  are  required  for 
the  light  to  travel  up  the  optical  fiber  to  excite  the 
dye  in  the  sensor  and  down  the  optical  fiber  to  the 

70  fluorescence  diode  38.  Assuming  that  the  fluores- 
cence  at  diode  38  will  therefore  be  a  peak  intensity 
at  approximately  30  nanoseconds,  the  first  time 
delay  unit  26  is  adapted  to  trigger  its  track  or  hold 
amplifier  28  at  30  nanoseconds.  An  interval  of 

75  about  10  nanoseconds  will  show  measurable  decay 
of  this  intensity  of  the  fluorescence  and  that  level 
will  be  on  a  linear  portion  of  the  curve  of  Fig.  2. 
Therefore,  the  time  delay  unit  27  is  set  to  trigger 
the  track  or  hold  amplifiers  29  at  40  nanoseconds 

20  after  the  emission  of  the  laser  pulse  to  provide  an 
interval  of  1  0  nanoseconds  for  decay.  The  voltages 
held  on  amplifiers  28  and  29  are  fed  through  mul- 
tiplexer  45  and  analog-to-digital  converter  46  to 
computer  50.  The  computer  calculates  the  log  of 

25  the  first  voltage  and  subtracts  from  it  the  log  of  the 
second  voltage.  This  information  is  a  measure  of 
the  slope  of  the  intensity  curve  for  a  specific  pres- 
sure  of  oxygen.  The  computer  computers  that 
slope  in  an  equation  representing  a  curve  of  all  of 

30  the  known  slopes  of  relevant  oxygen  pressures 
(Fig.  3)  and  outputs  on  the  display  51  the  partial 
oxygen  pressure-  of  the  sample  contacted  by  the 
sensor. 

As  indicated,  Fig.  2  show  representative  curves 
35  of  the  emission  intensities  of  fluoranthene  when 

contacted  by  zero  oxygen  (N2),  21%  ocygen  (air) 
and  100%  oxygen,  respectively. 

Fig.  3  is  a  curve  of  the  oxygen  partial  pressure 
versus  the  slopes  of  all  curves  between  0  and 

40  100%.  To  prepare  the  curve  of  Fig.  3,  the  logarith- 
mic  values  of  the  voltages  at  30  nanoseconds  and 
40  nanoseconds  are  subtracted  to  provide  a  slope 
value  for  each  oxygen  pressure.  Those  slope  val- 
ues  are  plotted  in  the  curve  of  Fig.  3.  The  curve  of 

45  Fig.  3  is  converted  to  an  equation  which  the  com- 
puter  simply  solves  to  provide  an  output  on  the 
display  of  oxygen  pressure  for  any  input  of  voltage 
levels  corresponding  to  first  and  second  intensity 
levels  samples  by  the  system. 

50  In  this  description,  a  pulse  length  of  3 
nanoseconds,  and  triggering  at  30  and  40 
nanoseconds  has  been  disclosed.  It  should  be  un- 
derstood  that  these  values  are  only  representative 
of  an  operative  set  of  conditions  and  can  be  varied 

55  within  the  scope  of  the  invention. 
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laims 

1  .  A  method  to  determine  the  partial  pressure 
f  oxygen  O2  in  fluid  having  an  unknown  con- 
sntration  of  oxygen  comprising  radiating  a  5 
jorescable  substance  with  a  pulse  of  light  to 
ause  the  substance  to  fluoresce  characterised  in 
lat  the  intensity  of  the  fluorescence  is  measured 
t  two  discrete  time  intervals,  the  rate  of  decay  of 
le  intensity  is  determined  and  compared  with  10 
nown  standard  rates  of  decay  of  intensity  for  the 
ame  fluorescable  substance  in  environments  con- 
jining  known  concentrations  of  oxygen. 

2.  A  method  as  claimed  in  claim  1  comprising  . 
le  calibration  of  the  measurements  by  measuring  15 
le  standard  rates  of  decay  of  intensity  of  the 
uorescable  substance  when  subjected  to  a  pulse 
f  light  causing  it  to  fluoresce  characterised  in  that 
ie  fluorescable  substance  is  in  the  presence  of  a 
uid  containing  a  known  concentration  of  oxygen  20 
nd  repeating  the  calibration  process  with  fluids  of 
lifferent  known  concentrations,  so  forming  a  family 
f  decay  rates  for  that  fluorescable  substance. 

3.  Apparatus  for  determining  the  partial  pres- 
;ure  of  02  in  a  fluid  having  an  unknown  concentra-  25 
ion  of  oxygen  characterised  by  a  sensor  contain- 

rig  a  fluorescable  substance,  means  for  subjecting 
he  substance  to  a  pulse  of  light  of  a  preselected 
vaveiength,  so  exciting  the  substance  to  fluores- 
:ence,  means  for  measuring  the  intensity  of  flu-  30 
jrescence,  as  it  decays,  at  two  discrete  intervals  in 
ime  and  means  for  converting  the  rate  of  decay  of 
ntensity  to  the  partial  pressure  of  oxygen. 

4.  Apparatus  as  claimed  in  claim  3  in  which  the 
luorescable  substance  is  a  dye.  35 

5.  Apparatus  as  claimed  in  claim  3  or  4  in 
which  the  subjecting  means  comprises,  a  source  of 
Dulsed  laser,  generating  a  pulse  of  about  3-5 
lanoseconds  in  duration. 

6.  Apparatus  as  claimed  in  any  of  claims  3-5  in  40 
which  the  measuring  means  includes,  means  for 
inverting  the  intensity  of  the  fluorescence  to  a 
/oltage,  a  pair  of  time  delay  units  each  having  a 
respective  output  connected  to  a  track  or  hold 
amplifier,  the  time  delay  units  having  a  short  and  .  45 
long  time  delay,  respectively,  and  trigger  means 
connecting  the  pulse  to  the  time  delay  units  to 
initiate  operation  of  the  time  delay  units  to  cause, 
in  turn,  the  track  or  hold  amplifiers  to  hold  the 
respective  values  of  voltage  after  the  short  and  so 
long  time  delays,  respectively. 
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