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©  Apparatus  for  withdrawing  an  optimum  amount  of  blood  per  unit  of  time  from  a  donor. 

©  Apparatus  for  withdrawing  blood  from  a  donor, 
comprising  a  blood  line  (5)  forming  part  of  the  blood 
flow  conduit  means  for  conducting  the  blood  with- 
drawn  from  the  donor.  To  the  blood  line  (5)  there  are 
further  connected  a  pressure  transducer  (6)  and  a 
blood  pump  (7).  The  pressure  transducer  (6)  has  a 
visual  display  (10)  for  reading  the  actual  pressure  PA 
at  the  exit  of  the  needle  (2).  Along  a  signal  line  (11), 
the  transducer  (6)  supplies  to  a  control  device  (8)  an 
electric  signal  representing  the  pressure  PA.  More- 

j-over,  the  blood  pump  (7)  co-operates  with  means  for 
^measuring  the  blood  flow  rate  of  the  pump.  The 

electric  signal  representing  the  measured  blood  flow 
rate  is  supplied  to  the  control  device  (8)  by  means  of 

00  a  signal  line  (13).  Said  control  device  serves  to 
^.control  the  flow  rate  of  the  blood  pump  (7)  in  re- 
^■sponse  to  the  actual  values  of  the  pressure  PA  and 
<T)the  blood  flow  rate  Q.  The  control  device  (8)  op- 
aerates   according  to  a  certain  control  algorithm  in 

such  a  way  that  during  the  withdrawal  procedure  the 
^Jpump  (7)  withdraws  an  optimal  amount  of  blood  per 

unit  time  from  the  donor. 

rig.i 
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Apparatus  for  withdrawing  an  optimum  amount  of  blood  per  unit  of  time  from  a  donor. 

The  invention  relates  to  an  apparatus  for  with- 
drawing  an  optimum  amount  of  blood  per  unit  of 
time  from  a  donor,  which  apparatus  comprises 
-  a  blood  connection  for  connecting  the  apparatus 
to  the  vascular  system  of  the  donor; 
-  blood  flow  conduit  means  for  conducting  blood 
withdrawn  from  the  donor  by  way  of  said  blood 
connection; 
-  a  blood  pump  connected  to  the  blood  flow  con- 
duit  means  for  withdrawing  blood  from  the  donor 
through  said  blood  flow  conduit  means,  said  pump 
being  connected  to  an  electric  power  source  so  as 
to  be  energized  by  it; 
-  blood  flow  rate  measuring  means  cooperating 
with  the  blood  pump  to  obtain  an  electric  signal 
representing  the  flow  rate  of  the  blood  pump; 
-  a  pressure  transducer  for  measuring  the  blood 
pressure  PA  connected  to  said  blood  flow  conduit 
means  between  the  blood  connection  and  the 
blood  pump,  said  pressure  transducer  converting 
the  measured  pressure  PA  into  an  electric  signal 
supplied  to  a  transducer  output  connection  ; 
-  a  control  device  connected  to  the  transducer 
output  connection,  the  blood  flow  rate  measuring 
means,  and  the  electric  connections  of  the  blood 
pump  for  controlling  the  flow  rate  Q  of  the  blood 
pump  in  response  to  the  pressure  PA  measured  by 
the  pressure  transducer  and  the  blood  flow  rate  Q. 

Such  an  apparatus  is  known  •  among  others 
from  PCT  Patent  Application  8  600  231  . 
The  apparatus  described  therein  is  suited  to  be 
used  for  extracting  as  well  as  for  reinfusing  blood 
and  comprises  a  blood  pump,  a  pressure  sensor, 
and  a  microprocessor  based  control  system.  The 
flow  rate  is  optimized  by  sensing  pressure  at  at 
least  two  different  blood  extraction  rates  and  ex- 
trapolating  the  data  to  generate  a  pressure  vs.  flow 
rate  limit  curve.  The  flow  rate  of  the  blood  pump  is 
then  increased  to  a  maximum  nominal  flow  rate  of 
100  ml/min  provided  the  measured  blood  pressure 
at  this  maximum  nominal  flow  rate  is  at  least  equal 
to  the  blood  pressure  which,  according  to  the  gen- 
erated  pressure  versus  flow  rate  limit  curve,  cor- 
responds  to  said  maximum  nominal  flow  rate.  If  at 
a  certain  flow  rate  Q  which  is  smaller  than  the 
maximum  nominal  flow  rate  Qmax.  the  measured 
blood  pressure  attains  a  value  which,  according  to 
the  limit  curve,  corresponds  to  Qmax,  Q  instead  of 
Qmax  is  used  as  the  maximum  allowable  blood  flow 
rate. 

Although  said  well-known  device  may  be  used 
to  control  the  amount  of  blood  withdrawn  from  a 
donor,  a  major  drawback  to  the  apparatus  de- 
scribed  in  PCT  8  600  231  is  that  the  pressure  vs. 
flow  rate  control  curve  is  determined  only  at  the 

outset  of  blood  extraction,  so  that  any  donor-de- 
pendent  changes  in  the  blood  supply  after  this 
initial  phase  will  result  in  non-optimum  blood  ex- 
traction.  As  the  known  process  allows  for  a  safety 

5  margin  based  on  the  average  donor,  the  blood 
extraction  may  exceed  the  vein  flow  capacity  of  the 
one  donor  and  remain  below  that  of  the  other.  In 
the  former  situation  in  particular  there  may  be 
problems  when  extracting  blood.  The  invention  now 

10  provides  an  apparatus  permitting  continuous  with- 
drawal  of  an  optimum  amount  of  blood  from  a 
donor. 

The  apparatus  according  to  the  invention  is 
characterised  in  that  the  control  device  comprises 

75  means  for  adjusting  the  flow  rate  Q  of  the  blood 
pump  to  a  value  Qm  at  which  the  change  in  pres- 
sure  APA  resulting  from  a  particular  change  in  the 
flow  rate  AQ  remains  just  below  a  maximum  al- 
lowable  value  (APA)m. 

20  At  a  blood  extraction  of  up  to  50  ml/min. 
changes  in  pressure  due  to  particular  changes  in 
the  flow  rate  will  as  a  rule  remain  well  below  the 
maximum  permissible  value  to  be  set.  This  maxi- 
mum  permissible  value  should  be  determined  ex- 

25  perimentally.  In  general,  such  a  value  will  be  cho- 
sen  as  will  cause  no  problems  even  for  donors 
having  a  relatively  weak  vascular  system. 

After  a  maximum  permissible  value  for  pres- 
sure-  changes  due  to  particular  changes  in  the  flow 

30  rate  has  been  entered  into  the  control  device, 
which  is  usually  equipped  with  a  microprocessor, 
the  pressure  is  measured  continuously  with  a  pres- 
sure  transducer  and  passed  on  to  the  control  de- 
vice.  In  it  the  response  of  the  pressure  to  changes 

35  in  the  flow  rate  is  constantly  sensed.  The  control 
device  will  continuously  control  the  flow  rate  so  that 
the  maximum  permissible  value  or  target  value  is 
just  prevented  from  being  exceeded.  In  this  man- 
ner  blood  can  be  withdrawn  from  a  donor  at  a 

40  maximum  flow  rate  and,  moreover,  the  donor  flow 
rate  will  continuously  be  adjusted. 

A  particular  embodiment  of  the  apparatus  ac- 
cording  to  the  invention  is  characterised  in  that  the 
control  device  is  adapted  to  be  so  programmed 

45  that  at  the  start  of  the  withdrawal  of  blood  from  the 
donor  ("situation  1  ")  the  flow  rate  is  increased  until 
the  measured  pressure  PA  falls  below  a  preset 
initial  value  Ps  -  A2  ("situation  3a"),  whereupon  the 
flow  rate  Q  is  reduced  until  the  pressure  PA  ex- 

50  ceeds  the  value  Ps  -  A2,  A2  being  a  suitable 
pressure  margin. 

According  to  a  variant  embodiment  of  the  latter 
apparatus  the  control  device  is  adapted  to  be  so 
programmed  that  as  long  as  the  pressure  PA  is  in 
the  range  given  by 

2 



1 IP  0  344  842  A1 

3s  -  A2  <  PA  <  Ps  +  Ai  ("situation  2") 
tie  prevailing  blood  flow  rate  Q  is  kept  constant 
while  the  donor  pressure  target  Ps  is  reduced  at  a 
;ertain  rate  of  change  (Ps),  Ai  being  a  further 
suitable  pressure  margin. 

A  further  variant  embodiment  is  characterized 
n  that  the  rate  of  change  P  is 
•  (Ps)?  in  case  "situation  2"  is  attained  without  PA 
naving  reached  before  a  value  represented  by 
=A  <  Ps  -  A3  ("situation  3b"), 
where  A3  is  a  further  suitable  pressure  margin. 
•  (Ps)2  in  case  "situation  2"  is  attained  after  PA 
naving  reached  before  a  value  represented  by 
PA  <  Ps  -  A3  ("situation  3b") 
and,  moreover,  Q  follows  from 
aQmax  i  Q  S  bQ  max 
■  (Ps)3  if  "situation  2"  is  attained  after  PA  having 
'eached  a  value  represented  by 
PA  <  Ps  -  A3  ("situation  3b") 
and,  moreover,  Q  follows  from 
Q  <  aQmax  or  Q  >  bQ  maxi 
where  (Ps)i  >  (Ps)2  >  (Ps)a  ,  a  and  b  are  constants 
and  a  <  b. 

In  this  embodiment  it  is  avoided  that  after  an 
increase  in  the  flow  rate  the  measured  pressure  will 
again  very  rapidly  drop  considerably  below  a  pre- 
viously  set  target  pressure. 

Preferably,  the  apparatus  according  to  the  in- 
vention  is  further  characterised  in  that  in  "situation 
3b"  the  donor  pressure  target  Ps  is  increased  by 
APS  after  "situation  1  "  has  been  attained. 

This  embodiment  is  particularly  suitable  in 
cases  where  the  measured  pressure  has  dropped 
quite  considerably  below  a  previously  set  target 
pressure.  In  this  way  it  is  avoided  that  after  an 
increase  in  the  flow  rate  the  measured  pressure  wil 
again  drop  considerably  below  the  last  target  pres- 
sure  set. 

Alternatively,  use  may  with  advantage  be  made 
of  an  apparatus  characterized  in  that  it  comprises  a 
modulator  between  the  blood  connector  and  the 
blood  pump,  said  modulator  subjecting  the  blood 
flow  to  a  periodic  variation  in  flow  rate  and  said 
control  device  comprising  means  for  adjusting  the 
blood  flow  rate  to  a  value  at  which  the  amplitude  of 
the  pressure  response  to  said  periodic  blood  flow 
variation  reaches  a  particular  maximum  and  is 
maintained  at  or  below  said  maximum. 

A  variant  embodiment  of  the  latter  apparatus  is 
characterized  in  that  the  blood  flow  conduit  means 
comprise  a  flexible  blood  line  and  that  the  modula- 
tor  comprises  means  for  periodically  compressing 
said  blood  line. 

Instead  of  the  modulator  being  provided  some- 
where  between  the  blood  connector  and  the  blood 
pump,  it  may  be  accommodated  in  the  pump  itself. 
This  more  readily  allows  the  modulation  frequency 
to  be  adapted  to  the  value  of  the  blood  flow  rate. 

Upstream  of  the  modulator  mere  is  tne  pres- 
sure  transducer,  the  measured  signal  of  which  is 
passed  on  to  a  microprocessor  to  establish  the 
amplitude  of  said  modulation.  The  flow  rate  is  in- 

5  creased  as  long  as  the  target  value  being  the 
maximum  allowable  pressure  variation,  has  not 
been  attained.  Upon  reaching  the  target  value  the 
pumping  flow  rate  is  kept  constant  and  it  is  lowered 
when  the  target  value  is  slightly  exceeded. 

w  The  invention  will  now  be  illustrated  with  refer- 
ence  to  the  accompanying  drawings  in  which 

Fig.  1  shows  an  embodiment  of  an  apparatus 
according  to  the  invention. 

Fig.  2  illustrates  a  graph  in  which  the  blood 
15  pressure  is  represented  as  a  function  of  the  flow 

rate. 
Fig.  3  is  a  table  showing  the  control  al- 

gorithm  for  an  apparatus  operating  without  a 
modulator. 

20  Fig.4  depicts  the  measured  blood  flow  rate 
Q,  the  blood  pressure  PA  and  the  donor  pressure 
target  Ps  as  a  function  of  time  for  a  particular  case 
illustrating  the  control  algorithm  according  to  Fig.  3. 

25  The  apparatus  1  depicted  schematically  in  Fig. 
1  is  connected  by  way  of  a  blood  connection  in  the 
form  of  a  needle  2  to  a  vein  3  in  the  arm  4  of  a 
donor.  The  needle  2  is  also  connected  to  a  blood 
line  5  forming  part  of  the  blood  flow  conduit  means 

30  for  conducting  the  blood  withdrawn  from  the  donor. 
To  the  blood  line  5  there  are  further  connected  a 
pressure  transducer  6  and  a  blood  pump  7.  The 
pressure  transducer  6  has  a  visual  display  10  for 
reading  the  actual  pressure  PA  at  the  exit  of  the 

35  needle  2.  Along  a  signal  line  11,  the  transducer  6 
supplies  to  a  control  device  8  an  electric  signal 
representing  the  pressure  PA.  Moreover,  the  blood 
pump  7  co-operates  with  means  for  measuring  the 
blood  flow  rate  of  the  pump.  These  blood  flow  rate 

40  measuring  means  are  not  shown  in  Fig.  1,  but  the 
electric  signal  representing  the  measured  blood 
flow  rate  is  supplied  to  the  control  device  8  by 
means  of  a  signal  line  13.  Said  control  device 
serves  to  control  the  flow  rate  of  the  blood  pump  7 

45  in  response  to  the  actual  values  of  the  pressure  PA 
and  the  blood  flow  rate  Q.  To  that  end  the  blood 
pump  7  is  energized  by  an  electric  power  source 
controlled  by  the  control  device  8  as  is  schemati- 
cally  indicated  by  a  connection  12.  The  control 

so  device  8  incorporates  a  microprocessor  not  shown 
in  Fig.  1  .  One  of  the  tasks  of  the  microprocessor  is 
to  see  that  the  control  device  8  operates  according 
to  a  certain  control  algorithm  in  conformity  with  Fig. 
3,  as  will  be  explained  below. 

55  Furthermore,  the  apparatus  according  to  the  inven- 
tion  may  comprise  a  modulator  9,  which  in  one  of 
the  embodiments  to  be  described  alternately  com- 
presses  the  blood  line  5  and  allows  it  to  expand 
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again. 
The  graph  of  Fig.  2  shows  the  relation  between 

the  measured  blood  pressure  PA  in  kPa  (1  kPa  = 
7,5  mm  Hg)  and  the  blood  flow  rate  Q  (in  ml/min). 
It  must  be  realised  that  during  the  blood  withdrawal 
procedure  the  condition  of  the  donor  may  change 
in  an  unpredictable  way.  Consequently,  the  pres- 
sure  vs.  flow  rate  curve  shown  in  Fig.  2  only 
represents  the  PA/Q-relation  at  a  certain  point  in 
time  during  the  blood  withdrawal.  The  PA/Q-relation 
not  being  constant  but  continuously  changing,  it  is 
not  sufficient  to  base  the  optimum  blood  flow  rate 
on  the  condition  of  the  donor  prevailing  at  the  start 
of  the  withdrawal  procedure. 
To  allow  for  continuous  changes  in  the  pressure  vs. 
flow  rate  curve  the  apparatus  according  to  the 
invention  measures  the  blood  pressure  PA  either 
continuously  or  at  separate  instants  succeeding 
each  other  at  sufficiently  short  intervals. 
Although  the  pressure  vs.  flow  rate  curve  changes 
during  the  withdrawal  procedure,  it  has  been  found 
that  the  curve  maintains  its  general  shape  charac- 
terised  by  an  initial  part  16,  which  at  a  bending 
point  17  changes  over  to  a  steeper  part  18.  As 
shown  in  Fig.  2,  the  curve  19  represents  a 
sinusoidal  variation  of  the  blood  flow  rate  (along  the 
abscis)  as  a  function  of  time  (along  the  ordinate) 
This  variation  is  superimposed  by  the  modulator  9 
on  the  blood  flow  rate  determined  by  .the  blood 
pump  7.  The  response  of  the  measured  blood 
pressure  PA  to  the  blood  flow  rate  modulation  1  9  is 
shown  by  the  .curve  20.  As  can  be  seen,  the 
sinusoidal  variation  of  the  blood  flow  rate  is  super- 
imposed  on  an  average  blood  flow  rate  X.  The 
amplitude  of  this  variation  is  \  .X-rr-  The  average 
value  of  the  blood  pressure  response  is  P~~,  the 
amplitude  of  the  blood  pressure  variation  is  \  ,Prr- 
Since  the  apparatus  operates  in  the  linear  part  16 
of  the  blood  pressure  vs.  flow  rate  curve,  the 
change  in  blood  pressure  in  response  to  the 
sinusoidal  variation  of  the  flow  rate  is  also 
sinusoidal.  If  the  blood  flow  rate  is  increased  to  X  , 
the  same  sinusoidal  variation  Xtt  of  the  flow  rate 
gives  rise  to  a  different  response  in  blood  pressure. 
In  the  first  place,  due  to  the  greater  steepness  of 
the  curve  part  18,  the  magnitude  of  the  pressure 
variation  is  much  larger  than  in  the  former  case, 
being  Ptt  instead  of  Ptt-  Secondly,  due  to  the 
bending  of  the  pressure  vs.  flow  rate  curve  at  point 
17,  the  pressure  variation  is  no  longer  perfectly 
sinusoidal,  the  maximum  pressure  being  smaller 
than  the  average  pressure  P~  +  \  -p  tt  and  the 
minimum  pressure  being  lower  than  P~  -  2  P  tt- 
Consequently,  it  may  be  said  that,  starting  from  a 
flow  rate  zero,  an  increase  in  the  average  blood 
flow  rate  while  the  sinusoidal  variation  of  Q  is 
maintained,  leads  both  to  an  increase  in  variation  of 
the  blood  pressure  and  a  deformation  of  the  shape 

of  the  blood  pressure  variation  as  compared  with 
the  situation  at  relatively  low  blood  flow  rates. 
Accordingly,  there  are  two  parameters  for  detecting 
the  attainment  of  the  bending  point  17,  viz.  the 

5  increase  in  magnitude  of  the  pressure  variation  and 
the  asymmetry  of  the  pressure  curve  in  response 
to  a  symmetric,  e.g.  sinusoidal,  variation  of  the  flow 
rate. 
By  choosing  a  particular  amplitude  for  the  superim- 

w  posed  periodic  flow  rate  variation,  and  allowing  the 
variation  of  the  pressure  response  (P-r-r)  and/or  the 
asymmetry  of  the  pressure  response  (  P~  -  2  .P  tt) 
to  attain  a  certain  maximum  value,  the  blood  may 
be  withdrawn  from  the  donor  at  an  optimum  flow 

75  rate,  i.e.  a  flow  rate  remaining  just  below  a  maxi- 
mum  allowable  flow  rate. 

Figs.  3  and  4  pertain  to  an  embodiment  of  the 
apparatus  according  to  the  invention  without  the 
use  of  the  modulator  9.  In  this  case  the  apparatus 

20  operates  according  to  a  control  algorithm  repre- 
sented  in  Fig.  3.  Depending  on  the  measured  blood 
pressure  PA  the  following  situations  may  be  distin- 
guished  (see  also  Fig.  4)  : 

25 
1  .  PA  exceeds  the  value  Ps  +  Ai  ("situation  1  "). 

In  this  case  the  blood  flow  rate  Q  is  increased 
and  the  preset  donor  pressure  target  ("set  point") 

30  Ps  remains  unaltered.  The  increase  in  blood  flow 
rate  leads  to  a  decrease  of  the  measured  blood 
pressure.  This  situation  is  shown,  e.g.  in  Fig.  4a. 
The  symbol  "A"  generally  represents  a  certain 
pressure  margin  which  might  be  selected  by  the 

35  operator  and  set  at  the  control  device  8. 

2.  PA  is  somewhere  between  Ps  -  A2  and  Ps  +  Ai 
("situation  2"). 

40 
In  this  situation  the  blood  flow  Q  is  kept  con- 

stant  and  the  donor  pressure  target  is  decreased  at 
a  certain  rate  of  change  Ps.  Depending  on  the 
particular  circumstances  the  following  three  sub- 

45  situations  may  be  distinguished  : 

-  "Situation  2a" 

50  This  situation  prevails  when  situation  3b  (to  be 
explained  below)  has  not  yet  occurred  before.  In 
this  case  the  rate  of  change  of  Ps  is  (Ps)i  . 
This  situation  is  shown  in  Fig.  4a  and  Fig.  4b. 

55  -  "Situation  2b1  " 

This  is  a  case  in  which  situation  3b  has  already 
occurred  before  and,  moreover,  one  in  which  Q 

4 
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:ol!ows  from 
jQmax  £  Q  £  bQ max 
where  Qmax  is  a  certain  adjustable  maximum  value 
3f  the  blood  flow  rate  Q  and  a  and  b  are  constants 
ikewise  adjustable  by  the  operator,  a  being  smaller 
:han  b.  In  situation  2b1  the  rate  of  change  of  Ps  is 
;ps)2,  which  is  smaller  than  (Ps)i.  Fig.  4c  shows 
such  a  situation. 

•  "Situation  2b2" 

<\gain,  as  in  situation  2b1,  this  is  a  case  in  which 
situation  3b  has  already  occurred  before,  but  now 
the  blood  flow  rate  Q  has  a  value  following  from 
Q  <  aQmax  ,  or  Q  >  bQ max 
In  this  situation,  exemplified  by  Fig.  4d,  the  rate  of 
:hange  of  Ps  is  (Ps)3.  The  latter  is  smaller  than 
(Ps)i  and  (Ps)2,  so 
(Ps)i  >  (Ps)2  >  (Ps)3 

3a.  PA  is  at  least  equal  to  Ps  -  A3,  but  smaller  than 
Ps  -  A2  ("situation  3a"). 

In  this  case  the  blood  flow  rate  is  decreased 
while  the  prevailing  donor  pressure  target  Ps  is 
kept  constant.  This  situation  is  shown  in  Fig.  4b 
and  Fig.  4c. 

3b.  PA  has  dropped  to  a  value  below  Ps  -  A3  - 
("situation  3b") 

In  this  situation  the  blood  flow  rate  is  de- 
creased  and,  as  soon  as  situation  1  has  been 
attained,  the  donor  pressure  target  Ps  is  automati- 
cally  increased  stepwise  by  a  value  APS.  Fig.  4c 
illustrates  this  situation. 

We  will  now  discuss  the  various  situations  de- 
picted  in  Figs.  4a-4d. 

In  the  situation  of  Fig.  4a,  which  may  be  re- 
garded  as  the  starting  situation,  PA  is  positive.  In 
view  of  the  fact  that  PA  is  larger  than  Ps  +  Ai  ,  the 
system  is  in  situation  1.  Consequently,  as  shown 
by  the  control  algorithm  of  Fig.  3,  the  control  de- 
vice  increases  the  blood  flow  rate.  This  blood  flow 
rate  increase  leads  to  a  decrease  of  the  blood 
pressure  PA  of  the  donor  as  sensed  by  the  trans- 
ducer  6.  Situation  1  is  maintained  by  the  control 
device  8  until  PA  drops  below  a  value  Ps  +  Ai  .  At 
that  instant  the  system  enters  into  situation  2.  Be- 
cause  situation  3b  has  not  occurred  before,  the 
system  is  in  situation  2a.  This  means  that  as  long 
as  the  conditions  for  situation  2a  prevail  the  blood 
flow  rate  is  kept  constant  while,  simultaneously,  the 
donor  pressure  target  Ps  is  decreased.  Assuming 
that  for  some  reason  the  blood  pressure  keeps 
decreasing  for  some  time  and  then,  at  time  t2, 
reaches  a  comparatively  constant  value,  it  will  be 

seen  that  at  instant  t3  the  pressure  PA  again  attains 
a  value  exceeding  Ps  +  Ai  .  This  means  that  the 
system  has  now  again  reached  situation  1  so  that 
the  blood  flow  rate  Q  is  now  further  increased  while 

5  Ps  is  kept  constant  at  the  value  obtained  at  time  t3. 
For  one  reason  or  another  the  donor  blood  pres- 
sure  PA  undergoes  a  short  fluctuation  until  time  t+. 

According  to  Fig.  4b  the  system  at  time  to  is  in 
a  situation  in  which  the  blood  flow  rate  Q  is  at  a 

/o  relatively  high  value.  Due  to  the  fact  that  PA  is 
smaller  than  Ps  +  Ai  but  larger  than  Ps  -  A2,  the 
system  is  now  in  situation  2a.  Consequently,  the 
blood  flow  rate  Q  is  constant  and  the  donor  pres- 
sure  target  Ps  is  decreased  at  a  certain  rate  of 

75  change  (Ps)i  . 
At  time  ti  the  blood  pressure  PA  drops  below  the 
value  Ps  -  A2,  so  that  the  system  now  passes  into 
situation  3a.  This  means  that  during  a  period  ti  to 
t2  the  blood  flow  rate  is  decreased  and  the  donor 

20  pressure  target  Ps  kept  constant.  The  decrease  of 
the  blood  flow  rate  Q  leads  to  an  increase  in  the 
donor  blood  pressure  PA,  so  that  eventually,  at  time 
t2,  the  latter  starts  to  exceed  the  value  Ps  -  A2. 

By  time  t2  the  system  has,  again,  reached 
25  situation  2a  assuming  that  situation  3b  has  not  yet 

occurred  before.  In  this  situation  the  blood  flow  rate 
is  kept  constant,  while  the  donor  pressure  target  Ps 
is  decreased  at  a  rate  of  change  (Ps)i  • 

According  to  Fig.  4c  the  system  at  time  to  is  in 
30  situation  3a  where  PA  is  smaller  than  Ps  -  A2,  but 

larger  than  Ps  -  A3.  Now  the  blood  flow  rate  Q  is 
decreased  while  the  donor  pressure  target  Ps  is 
kept  constant.  Assuming  that  for  some  reason  the 
donor  blood  pressure  keeps  decreasing  despite  the 

35  lowering  of  the  blood  flow  rate,  it  will,  at  instant  ti  , 
drop  below  the  value  Ps  -  A3. 
The  system  then  changes  over  to  situation  3b  in 
which  a  further  decrease  of  the  blood  flow  rate  Q 
takes  place.  At  time  the  value  PA  stops  decreas- 

40  ing,  so  that  at  time  t3  the  donor  blood  pressure  PA 
again  exceeds  the  value  Ps  -  A3,  thereby  bringing 
the  system  back  into  situation  3a.  The  system 
remains  in  situation  3a  until  at  time  U  the  blood 
pressure  PA  has  increased  to  such  a  value  that  it 

45  again  exceeds  Ps  -  A2.  As  is  shown  in  Fig.  4c,  the 
blood  flow  rate  Q  at  time  U  is  between  the  values 
aQmax  and  bQmax.  causing  the  system  to  change 
over  to  situation  2b1  .  In  this  situation  the  blood  flow 
rate  Q  is  not  any  longer  decreased  but  kept  con- 

50  stant  at  the  value  obtained  at  time  U,  whereas  the 
donor  pressure  target  Ps  is  lowered  at  a  rate  of 
change  (Ps)2.  Situation  2b1  lasts  until  at  time  ts  PA 
exceeds  the  value  Ps  +  Ai,  thereby  bringing  the 
system  into  situation  1  .  As  follows  from  the  table  of 

55  Fig.  3,  the  donor  pressure  target  Ps  is  then  in- 
creased  stepwise  by  a  value  APS,  because  the 
preceding  situation  3b  at  time  ts  ultimately  led  to 
situation  1. 

5 
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According  to  Fig.  4d  the  blood  flow  rate  at  time 
to  exceeds  the  value  b.Qmax,  the  donor  blood  pres- 
sure  PA  being  between  the  values  Ps  +  Ai  and  PA 
-  A2.  Consequently,  the  system  is  in  situation  2b2. 
In  this  case  the  blood  flow  rate  Q  is  kept  constant 
while  the  donor  pressure  target  is  reduced  at  a  rate 
of  change  (Psta- 

The  operation  of  the  apparatus  according  to 
the  invention  will  now  be  elucidated  for  an  embodi- 
ment  operating  according  to  the  control  algorithm 
of  Fig.  3,  i.e.  without  the  use  of  the  modulator  9. 

Example  1 

As  part  of  an  extracorporeal  blood  treatment  in 
which  blood  was  withdrawn  from  a  donor,  plasma 
being  extracted  therefrom  by  a  plasmapheresis  de- 
vice  and  the  remaining  blood  cell  fraction  reinfused 
into  the  donor's  blood  circulation,  needle  2  (see 
Fig.  1)  was  connected  to  the  vein  3  of  a  donor  4. 
The  donor's  blood  was  pumped  through  a  blood 
line  5  to  a  pump  7.  Interposed  between  the  pump  7 
and  the  needle  2  was  a  pressure  transducer  6  to 
determine  the  response  of  the  donors  blood  pres- 
sure  to  small  changes  in  the  flow  rate. 
The  control  device  8  was  capable  of  controlling  the 
donor  pressure  target  Ps  between  -  2,7  kPa  (  -20 
mm  Hg)  and  a  preset  minimum  target  pressure 
(Ps)min  to  be  set  between  -  1  6,2  and  -  2,7.  kPa  (  - 
1  20  and  -20  mm  Hg). 
Throughout  the  treatment  the  set  donor  pressure 
target  Ps  was  compared  with  the  pressure  PA  mea- 
sured  by  the  pressure  transducer  6.  The  first  target 
pressure  was  -  2,7  kPa  -  (  -  20  mm  Hg)  set  by  an 
operator  at  the  control  device  8. 

At  the  start  of  the  treatment  PA  was  always 
higher  than  the  set  target  pressure  Ps  of  -  2,7  kPa 
plus  a  pressure  margin  Ai  of  0,27  kPa  (  2  mm  Hg) 
This  pressure  margin  Ai  was  also  set  by  the 
operator  at  the  control  device  8. 
So,  at  the  start  of  the  treatment  and  for  some  time 
thereafter,  PA  followed  from 
PA  >  Ps  +  Ai  ("situation  1  ") 

As  will  be  apparent  from  Fig.  4a,  under  these 
conditions  the  blood  flow  rate  Q  was  increased  (at 
a  rate  of  4  ml/min/sec),  whereas  the  donor  pressure 
target  Ps  was  kept  constant. 

As  soon  as  the  measured  pressure  PA  entered 
the  pressure  interval  bounded  by  Ps  +  Ai  and  Ps  - 
A2,  the  system  changed  over  into  another  situation. 
The  chosen  pressure  margins  Ai  and  A2  being 
equal,  so  that  Ai  =  A2  =  0,27  kPa,  this  chan- 
geover  occurred  after  PA  had  dropped  to  a  value 
PA  following  from 
Ps  -  A2  <  PA  <  Ps  +  Ai  ("situation  2a") 

In  this  situation  the  flow  rate  was  kept  constant 
and  the  donor  pressure  target  Ps  was  decreased 

by  the  control  device  8  at  a  rate  of  change  (Ps)i  = 
0,4  mm  Hg  per  second  ("situation  2a"  as  shown, 
e.g.,  in  Fig.  4a). 

Provisions  were  made  to  ensure  that  in  the 
5  case  of  the  blood  flow  rate  Q  having  to  be  reduced 

(situations  3a,  3b),  the  control  device  8  changed  Q 
at  a  rate  of  change  Q  following  from  Q  =  0,r|PA- 
Ps|*  0+0,2  |10-t|) 
where  t=  time  during  which  PA  is  below  Ps-A2 

10  In  this  way  both  the  magnitude  of  the  dif- 
ference  between  PA-PS  and  the  time  during  which 
PA  remained  below  Ps-A2  were  taken  into  account 
in  restoring  the  donor  blood  pressure. 

When  a  pressure  PA  was  measured  following 
75  from 

Ps  -  A3  £  PA  <  Ps  -  A2  ("situation  3a") 
the  flow  rate  was  lowered  while  the  donor  pressure 
target  Ps  remained  the  same.  The  pressure  margin 
A3  was  set  at  a  value  of  1  ,6  kPa,  corresponding  to 

20  approx.  12  mm  Hg.  Situation  3a  lasted  until  PA 
again  reached  a  value  following  from 
Ps  -  A2  <  PA  <  Ps  +  Ai  ("situation  2 )  

Since  the  system  did  not  previously  reach  a 
situation  in  which  the  blood  pressure  PA  had 

25  dropped  below  a  value  represented  by 
PA  <  Ps  -  A3  ("situation  3b") 
it  was  now  in  "situation  2a"  in  which  the  blood  flow 
rate  Q  was  kept  constant  and  the  donor  pressure 
target  Ps  was  decreased  at  a  rate  (Ps)i  of  0,4  mm 

30  Hg  per  second. 
As  soon  as  the  measured  value  PA  had  de- 

creased  to  a  value  in  the  range  of 
PA  <  Ps  -  A3  .("situation  3b") 
the  flow  rate  was  lowered.  Upon  restoration  of  the 

35  donor  blood  pressure  to  a  value  PA  according  to 
PA  >  Ps  +  Ai  ("situation  1  ") 
the  target  pressure  Ps  was  increased  stepwise  by 
an  amount  APS  equal  to  0,67  kPa  (  5  mm  Hg). 

Should  the  blood  pressure  PA  again  drop  below 
40  a  value  Ps  +  Ai,  it  will  depend  on  the  prevailing 

value  of  the  blood  flow  rate  Q  to  what  situation  the 
system  changes  over.  Assuming  that  Q  was  in  the 
range  represented  by 
a.Qmax   ̂ Q   ̂ b.Qmax, 

45  and  considering  that  situation  3b  had  already  oc- 
curred  before,  the  system  changed  over  to  situ- 
ation  2b1.  The  donor  target  pressure  Ps  was  then 
lowered  at  a  rate  (Ps)2  amounting  to  0,2  mm 
Hg/sec,  instead  of  (Ps)i  =  0,4  mm  Hg/sec. 

50  The  apparatus  described  permitted  the  with- 
drawal  of  blood  from  donors  at  a  continuous  opti- 
mum  blood  flow  rate  of  even  up  to  above  100 
ml/min. 

55 
Example  2 

Another  example  is  shown  graphically  in  Fig.5, 

6 
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spresenting  the  blood  flow  rate  Q  (ml/min),  the 
ctual  blood  donor  pressure  PA  (in  mm  Hg)  and  the 
onor  pressure  target  Ps  (in  mm  Hg)  as  a  function 
f  time.  So  as  to  better  distinguish  the  PA  and  Ps 
raphs  from  each  other,  the  Ps  graph  has  been 
wered  over  a  distance  corresponding  to  10  mm 
Ig  as  can  be  seen  from  the  Ps  ordinate  22  at  the 
iottom  right  side  of  Fig.  5.  The  values  of  the  blood 
ow  rate  Q  and  the  actual  blood  donor  pressure  PA 
an  be  found  from  the  ordinates  24  and  26,  respec- 
vely.  The  constants  a  and  b  and  the  blood  flow 
ate  Qmax  chosen  were  0,4,  0,8  and  120  ml/min, 
espectively.  The  pressure  margins  Ai  ,  A2  and  A3 
/ere  set  at  2,  2  and  12  mm  Hg,  respectively.  As 
:an  be  seen,  at  the  start  of  the  blood  withdrawal 
irocedure  the  donor  blood  pressure  PA  was  +  10 
nm  Hg.  The  donor  blood  pressure  target  Ps  was 
nitially  set  at  -  20  mm  Hg.  The  conditions  at  the 
itart  of  the  withdrawal  procedure  were  such  that 
he  system  was  in  "situation  1  "  (  PA  >  Ps  +  Ai  )  In 
iccordance  with  the  control  algorithm  of  Fig.  3  the 
jlood  flow  rate  Q  was  increased  at  4  ml/min  per 
second  while  Ps  was  kept  at  the  value  of  -  20  mm 
Hg.  At  time  ti  the  blood  pressure  PA  had  dropped 
ust  below  a  value  Ps  +  At  =  -  20  +  2  =  -  18 
nm  Hg,  resulting  in  "situation  2",  in  particular 
'situation  2a"  (  Ps  -  A2  <  PA  <  Ps  +  Ai  ,  or  -  22  < 
=A<-18). 
During  the  interval  ti  to  t2  the  blood  flow  rate  Q 
vas  kept  constant  while  Ps  was  decreased  at  a  rate 
;ps),  =  o,4  mm  Hg  per  second.  Due  to  the  de- 
crease  of  Ps,  and  Q  having  been  kept  constant,  the 
donor  blood  pressure  at  time  t2  had  reached  a 
/alue  PA  exceeding  Ps  +  Ai  ("situation  1").  Con- 
sequently,  the  blood  flow  rate  Q  was  further  in- 
creased  at  a  rate  of  change  of  4  ml/min  per  sec- 
and,  the  blood  donor  pressure  target  Ps  now  re- 
naming  constant  at  the  value  it  had  obtained  at 
time  t2.  As  will  be  apparent  from  Fig.  5,  "situation 
1  "'  lasted  until  time  t.3  when  the  system  changed 
over  to  "situation  2a".  The  alternation  of  situations 
1  and  2a  continued  up  to  time  ts.  At  that  time  the 
donor  blood  pressure  PA  had  just  fallen  below  the 
value  Ps  -A2,  resulting  in  the  system  changing  over 
to  "situation  3a".  In  that  situation,  which  lasted  until 
time  ts,  the  blood  flow  rate  Q  was  decreased  so  as 
to  restore  the  donor  blood  pressure  while  Ps  was 
kept  constant  at  the  value  obtained  at  time  ts-  At 
about  the  middle  of  the  interval  ts  to  ts  the  de- 
crease  of  PA  had  come  to  a  halt,  so  that  at  time  ts 
"situation  2a"  was  again  reached.  "Situation  2a" 
lasted  until  time  ti  0,  when  PA  had  again  dropped 
below  Ps  -  A2  ("situation  3a").  In  "situation  3a"  the 
blood  flow  rate  Q  was  decreased  while  the  donor 
pressure  target  Ps  was  maintained  at  the  value 
reached  at  time  tio.  As  can  be  seen  the  donor 
blood  pressure  kept  dropping  despite  the  decrease 
of  the  blood  flow  rate  Q,  so  that  at  time  tu 

Situation  OD  Was  reacneu  111  WIIIUI  rA  nau  laiion 
below  a  value  Ps  -  A3  =  Ps  (ti  1)  -12  mm  Hg.  Due 
to  the  continued  decrease  of  the  blood  flow  rate  Q, 
at  time  ti2  the  blood  pressure  PA  had  ultimately 

;  increased  to  a  value  exceeding  Ps  -  12  mm  Hg,  so 
that  from  then  on  the  system  stayed  again  in 
"situation  3a"  for  some  time.  At  time  ti  3  the  donor 
blood  pressure  had  again  increased  to  a  value  PA 
following  from  Ps  -  A2  <  PA  <  Ps  +  Ai  ("situation 

0  2").  Due  to  the  fact  that  "situation  3b"  had  oc- 
curred  before,  the  system  now  dwelled  in  "situation 
2b  1"  (aQmax  £  Q  £  bQmax)  during  the  interval  ti3 
to  tu.  While  in  this  interval  the  donor  blood  pres- 
sure  target  Ps  was  reduced  at  a  rate  of  change 

5  (F>s)2  =  0,2  mm  Hg  per  second.  At  time  tu  the 
donor  blood  pressure  had  achieved  a  value  PA 
exceeding  Ps  +  Ai  =  Ps  +  2  mm  Hg  ("situation 
1").  Keeping  in  mind  that  "situation  3b"  had  oc- 
curred  before,  the  donor  blood  pressure  target  Ps 

0  was  at  time  tu  increased  stepwise  by  an  amount 
APS  =  5  mm  Hg.  Starting  at  time  ti  +  the  system 
briefly  dwelled  in  "situation  1  ",  in  which  the  blood 
flow  rate  Q  was  increased  while  the  donor  pressure 
target  Ps  was  kept  constant.  Due  to  the  very  short 

is  time  "situation  1"  prevailed,  the  increase  of  Q  is 
not  discernable  in  Fig.  5.  The  system  re-entering 
"situation  2b1"  shortly  after  time  tu,  the  blood  flow 
rate  Q  was  again  kept  constant  for  some  time  while 
the  donor  pressure  target  Ps  continued  to  decrease 

10  at  a  rate  of  change  (Ps)2  =  0,2  mm  Hg  per 
second.  At  time  tis  the  donor  blood  pressure  PA 
had  increased  to  a  value  just  exceeding  Ps  +  Ai  - 
("situation  1  ").  Consequently,  from  that  time  on  the 
blood  flow  rate  Q'was  again  increased  while  the 

js  donor  blood  pressure  target  Ps  remained  at  the 
value  it  had  obtained  at  time  t15-  The  increase  in 
blood  flow  rate  Q  led  to  a  decrease  in  the  donor 
blood  pressure  PA.  At  time  ti  s  the  pressure  PA  had 
dropped  below  Ps  +  Ai,  so  that  the  system 

to  changed  over  to  "situation  2".  In  view  of  the  fact 
that  at  time  ti  s  the  blood  flow  rate  Q  had  increased 
to  a  value  exceeding  bQmax.  the  system  was  in 
"situation  2b2"  as  from  time  ti  e-  From  this  time  on 
the  blood  flow  rate  Q  was  kept  constant,  whereas 

45  the  donor  blood  pressure  target  Ps  was  now  re- 
duced  at  a  rate  of  change  (Ps)3  =  0,05  mm  Hg  per 
second. 

50  uiaims 

1.  An  apparatus  for  withdrawing  an  optimum 
amount  of  blood  per  unit  of  time  from  a  donor,  said 
apparatus  comprising 

55  -  a  blood  connection  for  connecting  the  apparatus 
to  the  vascular  system  of  the  donor  ;  -  blood  flow 
conduit  means  for  conducting  blood  withdrawn 
from  the  donor  by  way  of  said  blood  connection; 

1 
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-  a  blood  pump  connected  to  the  blood  flow  con- 
duit  means  for  withdrawing  blood  from  the  donor 
through  said  blood  flow  conduit  means,  said  pump 
being  connected  to  an  electric  power  source  so  as 
to  be  energized  by  it;  5 
-  blood  flow  rate  measuring  means  co-operating 
with  the  blood  pump  to  obtain  an  electric  signal 
representing  the  flow  rate  of  the  blood  pump; 
-  a  pressure  transducer  for  measuring  the  blood 
pressure  PA,  connected  to  said  blood  flow  conduit  10 
means  between  the  blood  connection  and  the 
blood  pump,  said  pressure  transducer  converting 
the  measured  pressure  PA  into  an  electric  signal 
supplied  to  a  transducer  output  connection; 
-  a  control  device  connected  to  the  transducer  rs 
output  connection,  the  blood  flow  rate  measuring 
means,  and  the  electric  connections  of  the  blood 
pump  for  controlling  the  flow  rate  Q  of  the  blood 
pump  in  response  to  the  pressure  PA  measured  by 
the  pressure  transducer  and  the  blood  flow  rate  Q,  20 
characterized  in  that  the  control  device  comprises 
means  for  adjusting  the  flow  rate  Q  of  the  blood 
pump  to  a  value  Qm  at  which  the  change  in  pres- 
sure  APA  resulting  from  a  particular  change  in  the 
flow  rate  AQ  remains  just  below  a  maximum  al-  25 
lowable  value  (APA)m. 

2.  An  apparatus  according  to  claim  1,  char- 
acterized  in  that  the  control  device  is  adapted  to  be 
so  programmed  that  at  the  start  of  the  withdrawal 
of  blood  from  the  donor  ("situation  1  ")  the  flow  rate  30 
is  increased  until  the  measured  pressure  PA  ulti- 
mately  falls  below  a  preset  initial  value  Ps  -  A2  - 
("situation  3a"),  whereupon  the  flow  rate  Q  is  re- 
duced  until  the  pressure  PA  exceeds  the  value  Ps  - 
A2,  A2  being  a  suitable  pressure  margin.  35 

3.  An  apparatus  according  to  claim  2,  char- 
acterized  in  that  the  control  device  is  adapted  to  be 
so  programmed  that  as  long  as  the  pressure  PA  is 
in  the  range  represented  by 
Ps  -  A2  <  PA  <  Ps  +  Ai  ("situation  2")  40 
the  prevailing  blood  flow  rate  Q  is  kept  constant 
while  the  donor  pressure  target  Ps  is  reduced  at  a 
certain  rate  of  change  (Ps),  Ai  being  a  further 
suitable  pressure  margin. 

4.  An  apparatus  according  to  claim  3,  char-  45 
acterized  in  that  the  rate  of  change  Ps  is 
-  (Ps)i   ̂ "situation  2"  is  attained  without  PA  having 
first  reached  a  value  represented  by 
PA  <  Ps  -  A3  ("situation  3b"), 
where  A3  is  a  further  suitable  pressure  margin  50 
-  (Ps)2  if  "situation  2"  is  attained  after  PA  having 
earlier  reached  a  value  represented  by 
Pa  Ps  -  A3  ("situation  3b") 
and,  moreover,  Q  follows  from 
aQmax  3  Q  £  bQmax  55 
-  (Ps)3  if  "situation  2"  is  attained  after  PA  having 
earlier  reached  a  value  represented  by 
PA<  Ps  -  A3  ("situation  3b") 

and,  moreover,  Q  follows  from 
Q  <  aQmax  or  Q  >  bQma?, 
where  (Ps)i  >  (F»s)2  >  (Psh  •  a  and  b  are  constants 
and  a  <  b. 

5.  An  apparatus  according  to  claim  4,  char- 
acterized  in  that  in  "situation  3b"  the  donor  pres- 
sure  target  Ps  is  increased  by  APS  after  "situation 
1  "  has  been  attained. 

6.  Apparatus  according  to  claim  1,  character- 
ized  in  that  it  comprises  a  modulator  between  the 
blood  connector  and  the  blood  pump,  said  modula- 
tor  subjecting  the  blood  flow  to  a  periodic  variation 
in  flow  rate  and  said  control  device  comprising 
means  for  adjusting  the  blood  flow  rate  to  a  value 
at  which  the  amplitude  of  the  pressure  response  to 
said  periodic  blood  flow  variation  reaches  a  particu- 
lar  maximum  and  is  maintained  at  or  below  said 
maximum. 

7.  Apparatus  according  to  claim  6,  character- 
ized  in  that  the  blood  flow  conduit  means  comprise 
a  flexible  blood  line  and  that  the  modulator  com- 
prises  means  for  periodically  compressing  said 
blood  line. 
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f i g .   3  

PA  :  actual   donor  p r e s s u r e  

P5  :  donor  p r e s su re   t a r g e t  

=  :  remains  c o n s t a n t  

=  i n c r e a s e  

=  d e c r e a s e  

Qmav  :  max.  blood  flow  rate  nl  ,  n wmax  Blood  flow  Donor  p r e s s u r e  
rate   t a r g e t  

Q  Ps 

1.  PA  >PS  +  AX 

2.  Ps  -  A2  <  PA  <  PS  +  Al 
where  A2  =  Ai  or  A2   ̂ Ai 

a.  s i t u a t i o n   3b  has  not  yet  =  y  ( P s ) j  
occurred  b e f o r e  

b.  s i t u a t i o n   3b  has  o c c u r r e d  
before  and 
1.  aQmax   ̂ Q  S  bQmax>  or  =  ( p s ) 2  

{  

2.  Q  <  aQmax  or  Q  >  bQmax 
a  and  b  being  c o n s t a n t s ,   A  [ " s U  
a  <  b  V 

3. 
a.  PS  -  A  3   ̂ PA  <  PS  -  A2  

^  

b.  PA  <  Ps  -  A3  1  +  ®S  ( a f t e r  
W  a t t a i n i n g  

s i t u a t i o n   1) 
where  A3  >  A2 
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