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Summary

Summary

To lower the blood pressure of patients undergoing heart surgery, frequently the drug
Sodium Nitroprusside (SNP) is infused. If the blood pressure changes, the flow rate
must be changed too. This routine task can be automated. An anaesthetist selects a
target blood pressure. A controller adjusts the flow rate to track this target.

Our controller calculates a new infusion rate each five seconds to reach the target
blood pressure (setpoint). Each patient has a different sensitivity to SNP. The sensitivity
symbolizes the final pressure decrease due to a change of flow, and can vary between
patients over a wide range. To cope with the large sensitivity range, adaptive control is
applied: the controller adapts to the sensitivity according to the measured reaction to
the drug.

A new flow is calculated by a PID type controller. This is a classical controller that does
not need an exact description of the control problem. To be safe under different
operating circumstances, this controller is extended with a supervisor. This supervisor
watches the patient's response. As main tasks it first selects a gain that suits the
current sensitivity of the patient and secondly it detects transients in the MAP.

The MAP is expected to change towards the setpoint along an ideal curve. If the real
curve deviates from the ideal, the control gain is adapted to suit the current sensitivity
of the patient.

A transient is a temporary change in the blood pressure that cannot be suppressed by
nitroprusside. For instance, this can be caused by the supply of other drugs, by pain
reactions or by manipulation of the heart by the surgeon. When such a large pressure
change occurs, the pressure is expected to return to the original level some minutes
later. Any attempt to compensate for transients will cause a large change of flow,
without results but with possible unwanted aftereffects. This combination should
guarantee robust control in all situations.

During surgery blood pressure measurement is often unreliable, caused by irregular
heart function, surgical actions or flushing of the arterial line. In those situations the
measurement does not represent the real pressure. To validate the measurements,
during each heart cycle the shape of the pressure curve is analyzed. If the shape of the
curve is physiologically acceptable and comparable to previous heart cycles, the
measurement is assumed to be correct.

Prototypes of this controller have been successfully tested during nearly a hundred
operations. They turned out to be safe: especially actions taken on artifacts were
correct [Zwart, 1990], [Hoeksel, 1993], The controller described in this document was
tested in the Hopital Erasme, Free University Brussels. A total of 38 patients was
involved in the evaluation. It resulted in new knowledge about the patient response to
nitroprusside during the bypass.
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Glossary

SNP:
MAP:
flow:
sensitivity:
setpoint:
PID-contro/:
adaptation:
gain adaptation:
model:

simulation:

playback:

pressure:

fmmHgl:

Glossary

Sodium Nitroprusside
Mean Arterial Pressure
rate of SNP that is infused
final MAP decrease per unit of flow
desired (target) pressure level
a type of control that is widely used in practice
modification of the controller
adjustment of the control gain to the sensitivity of the patient
mathematical description of the relevant characteristics of the
patient
analysis of the performance of the system using a number of
patient models
analysis of the controllers performance using the stored data of a
previous case.
here: blood pressure in the arterial system in [mmHg).
equals 1.333 • 102 • N· m -2 I mmHg is still most used in medical
literature.
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Introduction

Introduction

The main task of an anaesthetist is to bring the patient into an optimal condition for
surgery. This includes tasks like making the patient unconscious, suppression of the
sensation of pain and muscle reactions, as well as regulation of the blood pressure.
Many drugs used in anaesthesia also lower the pressure, but during and following heart
surgery patients frequently have their pressure additionally lowered by an infusion of a
continuous flow of the drug Sodium Nitroprusside (SNP). SNP is a short acting drug
that dilates the small arterioles during several minutes after infusion. The arterial
pressure can be stabilized by varying the flow rate of SNP.

Automatic control can also be applied; a controller can change the flow rate
continuously, so that the pressure reaches, and remains at, the target level. There are
some problems in regulating the pressure with SNP. Especially the sensitivity of the
patient to the drug is unknown; its variation is assumed to be over a range from 1/9 of
normal to 9 times normal.

Classical automatic control cannot cope with this sensitivity range: for a very sensitive
patient the controller will oscillate, for a very insensitive one the target will never be
reached. Therefore, control must be adaptive. Not all methods of adaptation can be
applied: there are severe restrictions on the control signal. Also system identification is
not possible because during a control session pressure changes are due to many other
causes than just SNP.

Although some automatic control methods fail, the anaesthetist can regulate the
pressure safely. Thus it seems that specific medical knowledge must be incorporated
into a successful controller. In an expert system, that medical knowledge is separately
specified in a knowledge base, which is easy to understand, to change and to update.

An accurately tuned PID-controller was designed to be used for pressure control. Its
performance is monitored by the expert system. When the controller does not perform
as desired or when the patient does not react as expected, the expert system overrules
or adapts the controller.

The knowledge based pressure controller is implemented with the Simplexys toolbox;
Simplexys supports the design of real time expert systems. It was designed by the
Medical Electrical Engineering division of Eindhoven University of Technology [Blom,
1990].

The Medical Electrical Engineering division has studied the use of SNP for pressure
control for several years. A first prototype of an automatic controller was clinically
tested on Yorkshire pigs [Blom and de Bruyn, 1982]. More recently pressure
measurements of human patients were analyzed, and an algorithm was built that
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analyzes and validates the pressure measurements [Melissen, 1989].

New prototypes were developed and tested with simulations. Moreover the human
interface, such as the graphical output and keyboard input were developed
[Hoogendoorn, 1989]. Through all these earlier studies the (medical) knowledge of SNP
blood pressure control was collected; knowledge acquisition, that often requires a long
period of time when building an expert system, has been done during these years. The
first clinical tests on humans were performed in the Catherina Ziekenhuis at Eindhoven
[Zwart, 1990].

In the Eindhoven prototype the safety mechanisms worked well; especially actions
taken in case of transients were correct. However, the control performance was not as
accurate as expected. Due to spontaneous fluctuations, the mechanism that acts on a
high flow rate change sometimes unnecessary changed the control gain, which resulted
in a too slow control. The clinical evaluation [Lammers, 1990 and Zwart, 1990] is a
good basis for more extensive studies to obtain more knowledge about blood pressure
control.

In this report a new prototype of the SNP automatic controller is described and
evaluated. The first section introduces the controller. Various components are placed in
the context of the surgical environment. Section 2,3,4,5 and 6 describe these
components in detail. In the last chapters the clinical test is evaluated. This results in a
comparison between the new and the old prototype.
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1 Global description of the pressure controller

This chapter is an introduction to the controller. Requirements for a closed loop
pressure controller are defined in section 1.1, the functional units in section 1.2.
Section 1.3 describes the control problem and is an introduction to the Simplexys
expert system (section 1.4). Finally section 1.5 and 1.6 describe two units of this
expert system.

1 .1 Requirements for computerised control of the arterial pressure

A number of applications exist for the deliberate control of the arterial pressure by
pharmacological means (Table I).

Table I Applications and requirements for automatic control of arterial pressure

Anaesthesia: Induced hypotension
Neurosurgery
Plastic surgery
Middle-ear surgery
Pressure Maintenance
Cardiac surgery

Intensive therapy Postoperative hypertension
Coronary care: phenylephrine or inotropes
Tetanus
Dissecting aortic aneurysm
Malignant hypertension

During cardiac surgery the surgeon often directly contacts the arterial system. This
complicates blood pressure measurement and causes sometimes large temporary
fluctuations in the mean arterial pressure. Cardiac surgery is probably the most difficult
environment to control the mean arterial pressure. A controller that is robust in this
environment will probably be robust in any environment.

Safety is the most important requirement of a closed loop controller. For this at least
two conditions must be satisfied: [O'Hara, 1992] and [Russel, 1992].

(1) Pressure validation; during surgery, blood pressure measurement is often
unreliable. This is caused by irregular heart function, surgical movements or
flushing the sensor line. In those situations the measurement does not represent
the real pressure. Analysis of the raw pressure signal is necessary to validate
these measurements.

11
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(2) Transient detection; the controller should be stable under all operating
conditions. The arterial pressure is changing rapidly as a result of various
surgical actions. To avoid overreaction of the controller to these events they
must be recognized.

Besides safety some general control tasks can be defined. Medical requirements of
various anaesthetists are freely translated into engineering terms.

(1) The MAP should be changed to the setpoint within 10 minutes after the
selection of a new setpoint.

(2) During this period the MAP may not overshoot the setpoint by more than 10
mmHg.

(3) In steady state conditions the controller must keep the MAP within a 10-mmHg
band around the setpoint.

1.2 The functional units of the complete system

A PID controller is used to control the pressure. To cope with all types of patients, an
expert system performs gain adaptations. Depending on the sensitivity of the patient, a
gain is selected. A knowledge base contains all rules on which decisions of the
Simplexys inference engine are based. At the start of each 5-second-period information
coming from the pump, the AD-converter, the keyboard and pressure validation unit is
analyzed. The inference engine evaluates this information and draws conclusions.
Finally, the graphical display is refreshed. The next part of this chapter presents the
context in which these units function.

~~ EXPERT
SYSTEM

d.

~~APTGAIN &
OVERRULE

Int error PID
PUMPCONTROLLER

1
MAP MAP PATIENT

VAUDATION

• setpo

setpolnt
MAP,
flow rat
MapVall
keyboar
pump

figure 1.1 The functional units of the system {Lammers, 1990J
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5o
bo.se --+-=------'------'--------.l.---L--------,,,L-
line

r'1o.x
effect

figure 1.2 Impulse response to nitroprusside
(Lammers, 1990J

I<

T L
pressure

tir'1e
5 (r'1in)

flow tir'1e

5 (r'1in)

figure 1.3 Step response to nitroprusside of a first
order patient model with time delay {Lammers, 1990J
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1.3 Patient's response to the applied drug

The patient's reaction to sodium nitroprusside can be modelled [Slate, 1980]. Such a
model is a simplification of reality. In this design a first order model with time delay is
used to describe the system. This model is accurately enough for the design of a
controller.

Y(s) = e-sr .~ . U(s)
sr+1

U(s) = Laplace(u(~)

Y(s) =Laplace(y(~ -y(0»

(1 . 1)

(1.2)

(1.3)

Eq.( 1) and figure 1.3 describe the step response to a unit dose of nitroprusside. The
delay time T is the time before the pressure shows any change after the flow has
been changed; the sensitivity K is the final change of pressure when it has stabilized
again. The time constant T is the time it takes, after the delay time, for the pressure
to move 63% toward its final value.

Table II patient parameters

minimal nominal maximal

sensitivity K 2.8 25 225 mmHglpg/kg/min

time T 35 50 60 seconds

time constant 't 40 60 90 seconds

All parameters of the model vary between patients. Parameters are dependent on
temperature, drugs, infusion device and the blood volume of patient. The parameters
vary within the intervals of Table II. SNP dilates the small arterioles (Appendix A). At
large flow rates the dilation of these small arterioles reaches saturation. As a result the
dilation is a nonlinear process [Slom, 1990), During cardiac surgery, many phenomena
change these parameters: 1) the blood volume varies, 2) up to 10 more infusion
devices supply other drugs, 3) during cardiopulmonary bypass (CPS) hypothermia
influences sensitivity and dynamics when the heart lung machine provides the blood
flow through the body.

14
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1.4 Adaptive control

The expected range of the patient's sensitivity is very large. Thus ordinary PID control
is not suitable for all patients. Therefore an expert system will monitor the patient's
response continuously, and will adapt the controller if necessary. Due to gain
adaptation the sensitivity of the patient should deviate at most a factor of 2 from the
employed control gain. The combination of a robust PID controller that is monitored by
an expert system makes the complete controller fast enough and has been shown to be
safe for all patients [Zwart,1990].

The expert system selects one of 9 different gain classes ( 1/9 < gain < 9, differing

each a factor 13). For a nominal patient with sensitivity K = 25 [mmHg/(pg/kg/min)]
the optimal gain is 1.

Initially the controller uses a low gain. The expert system uses a measure of progress
of the MAP toward the setpoint to decide if the control gain is correct. The MAP is
expected to change according to an ideal curve to the setpoint. If the real MAP curve
deviates from the ideal the gain is adapted.

Several additional mechanisms watch the pressure for indications of a too high or too
low gain.

(1) Oscillations in the MAP are detected,
(2) Overshoot of the MAP is detected,
(3) A minimal gain is defined: when the flow rate is large, the gain must be high

enough to reduce this flow rate within an appropriate time.

Simulations show that control is optimal when the gain deviates at most one class from
its optimum [Lammers, 1990). When the control gain deviates two classes from its
optimum oscillations may arise in situations of large time constants in the patient's
response to SNP. This is confirmed by the experiments [Zwart, 1990] and again in the
Brussels-experiment.

1.5 The Simplexys expert system for blood pressure control

The control problem needs an adaptive algorithm containing a mix of medical and
control engineering knowledge. In standard software, this knowledge is mostly spread
out throughout the program. In an expert system the knowledge is separately described
in a knowledge base in a more or less self-documenting way. The Simplexys toolbox
[Blom, 1990] is toolbox to design real time expert systems. Moreover it contains
programs that can check the knowledge base for completeness, correctness and
consistency before the final program is built. This guarantees the necessary safety in
medical applications.
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1.6 Transient handling

A transient is a temporary, large, fast increase or decrease of the pressure. Transients
are temporary; when such a MAP change occurs, the MAP is expected to return to the
original level after some minutes by itself. It usually is the result of administered drugs
or surgical action.

Transients need to be detected for several reasons. First the controller cannot
compensate for a transient: the pressure change that occurs is too large and too short
in time to compensate for. It would cause a large flow change, without the desired
results. When the transient is over, the controller must recover and bring the flow back
to the pre-transient level.
Secondly, it is undesirable to try to suppress a transient: a fast changing pressure is a
diagnostic aid for the anaesthetist. Compensating with SNP for a fast rising pressure
that is caused by pain should be avoided. Finally gain adaptation must be disabled
during a transient, because the pressure change is not caused by a flow change and
as a resultdecisions about the gain selection cannot be made.

When an Up Transient is detected, the pre-transient flow is memorized. During the
UpTransient the controller may vary the flow beneath this pre-transient flow rate. A
DownTransient is treated in a different way. The flow is shut off immediately to reduce
the length of the hypotensive period. Again the control may vary the flow rate beneath
the pre-transient flow level but now starting at a zero-flow rate. When the transient is
over, the flow is resumed at the pre-transient level.

This chapter was an introduction to automated blood pressure control. It discussed
requirements, the control problem and the characteristics of our solution. The next
chapters discuss the functional units in detail.

16
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2 PIC-Control

The controller is based on a PID-unit modified for our application. A PID-controller
adjusts the flow rate as a function of the MAP. The supervisor overrules this process
and adapts the gain if the pressure change is too fast or too slow. This chapter
discusses aspects of PID-control: tuning, stability, flow limitation and implementation.

A controller regulates a variable to a target. The difference between the variable and
the target is the error. The output, Fk ' is changed to do so. In a PID-controller the
output is dependent on three components (Eq.(2.1 I). A P-term, proportional to the
error, an I-term, the accumulated error over time (integral of error). Finally, the D-term
is the rate of change of this error (derivative of error).

(2.1)

With Fk the Flow rate at time k, Kp , K; and Kd constants, e the error, I1t the time

between two measurements and G the gain which is a scaling factor.

2.1 The implementation

In our situation the error is equal to the distance between the MAP and the setpoint.
The period between two measurements is 5 seconds. We use a slightly changed
equation that calculates the change of the flow over such a 5-second period instead of
calculating the new flow as a result of the entire MAP history (see Eq.(2.2)). This has
the advantage that we can start the controller using an arbitrary flow rate because it
calculates the flow rate at the next sample moment as a change to the previous one.
When we switch from manual to automatic pressure control, we can use the flow rate
supplied by the anaesthetist as starting flow rate for the controller.

The integration term (I-term) of the controller increases the flow rate when the MAP is
above the setpoint and vice versa. Over a longer period the I-term is the time-integral of
the distance to the setpoint. The I-term is used for adjusting the flow rate as long as
the pressure is not at the target level. The proportional term (P-term) of the controller
increases the flow rate when the pressure is increasing and vice versa. The P-term
works against any change of pressure and is used to anticipate to a changing pressure

17
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before it has crossed the setpoint. The derivative term (D-term) has been removed. If
there were less natural and artificial fluctuations in the MAP, the D-term could be
applied to limit an eventually overshoot [Zwart, 1990].

(2.2)

Fk =

8 k =

Kp• K, =

G =

flow at sample time k

distance MAP to setpoint

constants. The ratio Kp : ~ determines the dynamic behaviour.

Gain, compensates the sensitivity of the patient.

2.2 Choosing the PI-parameters

The PI-parameters are chosen to be optimal for a nominal patient (K = 25
[mmHgIJ19/kg/min], T = 50 seconds and T = 60 seconds). When the sensitivity of the
patient deviates from nominal a gain is selected that compensates this (K * Gain = 1)
[Zwart, 1989 and Lammers, 1990).

The dynamics of the system depends on the ratio Kp : ~ (Table III). In practice
different ratios are used, depending on the control environment. In the surgical
environment Kj has a minimum value to be able to react to large consistent changes in
the pressure. Simultaneously disturbances of the pressure signal are restricted Kp to

avoid large flow changes, for this may lead to oscillations in the MAP. The Kp : ~ ratio
can be determined theoretically for optimal stability [Eijk, 1990 and Hao Ying, 1992].
This prototype distinguishes a regulation and stabilization mode (section 2.4). During
regulation the ratio resembles that of the old prototype. During stabilization mode the
flow is expected to be correct for the current situation. Therefore, Kj is lowered to
reduce the flow change. Kp is kept constant to obtain equal P-term influence in both
control modes. The ratio is equal to the one recommended by [Eijk, 1991 ).

Table III PI parameters for blood pressure control

CONTROLLER Kp : ~ GOAL

Old prototypel 17 : 1 practice, OR
regulation mode
[Zwart, 1990]

Stabilization mode 35 : 1 stability
[Eijk, 1991]

[Hao Ying, 1992r 52 : 1 stability, ICU

18
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2.3 PHD) control and stability

Stability and robustness of the system are hard to define. In practice they are
dependent on transients, variable sensitivity of the patient in time or temporary extra
delay in the patient response. Conclusions should therefore be based on clinical
experiments rather than simulation studies.

Nevertheless, to analyze the robustness of the controller, simulations with a model
were done [Lammers, 1990]. In figure 2.1 charts derived from simulations are shown.
They show the control performance when the model parameters are nominal (1), two
and three times nominal (2, 3), and one half and one third of nominal (1/2, 1/3)
respectively. The parameter G equals the control gain times the sensitivity; if the
controller is adapted correctly, G equals 1, if the sensitivity is two times larger, G
equals 2 etc. In the ideal control case, all parameters T, T and G have their nominal
values.

In figure 2.1 an entry is marked with an x if unstable control results. Unstable control
is a large overshoot or oscillation (or both); in the cases with a large time constant, a
large overshoot occurs. In the cases with a small time constant, oscillation results as
well. An entry is marked with an 0 if some small overshoot occurs, but control is
stable because the overshoot is less than 10 mmHg (70 mmHg setpoint change).

The charts in figure 2.1 show that the controller is stable for any arbitrary combination
of the three model parameters from 1/2 to 2 times nominal. The worst cases, marked
with an 0, are the combinations with a large delay (2), a large gain (G = 2 chart) and a
time constant that is not nominal (112 and 2). Given the nominal dynamic parameters,
this concludes that control is stable for any arbitrary combination of a delay between
20 and 80 seconds, a time constant between 30 and 180 seconds and a sensitivity
estimate up to a factor of 2 too low or too high.
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figure 2.1 Simulation study of the control stability for model characteristics that
deviate from the nominal first order patient response. {Lammers, 1990J

2.4 Regulation and stabilization tasks

The first control task is the administration of a certain infusion flow rate of Sodium
Nitroprusside (SNPl, to affect the Mean Arterial Pressure (MAP) so that it eventually
reaches the desired target pressure level or setpoint. Adjustment of the SNP flow rate
to bring the MAP to the setpoint is called regulation. The second control task is
stabilization of the MAP at the target level. Due to several causes, for instance the ad
ministration of other drugs, the MAP will move away from the target level. During
stabilization mode the controller performs continuous adjustment of the flow rate so
that the MAP stays as close as possible to the target level.

The expert system uses these two situations to check for the possible occurrence of an
oscillation. In stabilization mode the flow is expected to be near its optimum. When the

controller is stabilizing the gain adaptation is stopped and ~ is decreased to keep the

flow constant. Kp remains constant. This guarantees equal P-term influence in both
modes. Regulation mode is entered when ToRegulation is true:

ToRegulation: 'the MAP drifts away from the setpoint'
btest abs(error) > 6 {mmHgJ
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The gain adaptation mechanism is activated when the pressure moves out of the 6
mmHg bound. Decisions based on the gain selection should be based on a period in
which the controller is in regulation mode; ~ is smaller during stabilization mode and if
adaptation is continued, wrong decisions would be made. Stabilization mode is entered
when ToStabilizing is true:

ToStabilizing: 'the pressure is stable and near setpoint'
fGnSlowOsc or flnsideSp > f70 [sJ)) and A BSferror) < 2 [mmHgJ

with GnSlowOsc: 'Oscillation in flow detected and MAP is near setpoint'
(section 3.3.2)

and InsideSp : 'flow is near setpoint'
btest abs(error) < 5 [mmHgl

Stabilization mode is entered when the controller is stable near the setpoint. The first
condition, the MAP should be within the 5-mmHg bound for 70 seconds, provides this
stability. To avoid a change to stabilization mode in case of small MAP oscillations the
MAP should be within the 2-mmHg bound at the moment of the decision. Moreover,
when the flow is oscillating a switch to stabilization mode is made to avoid possible
MAP oscillations in the MAP later (section 3.3.1). The above conditions are chosen to
obtain both goals and were verified by simulations.

2.5 Limitation of the flow rate change

In practice two additional effects limit the functioning of the PI(D)-controller. This
paragraph describes the need for limitation of the flow rate change. The next section
describes the treatment when the calculated flow rate becomes negative.

When the MAP is far above the setpoint, the flow is usually changing fast. If after a
while the high MAP turned out to be temporary, for example caused by other drugs,
pain or what so ever, the controller needs to recover back to normal. This phenomenon
is called integral-wind up. A solution is a flow rate limitation. Flow rate limitations for
the P-term (6.Fp ,max) and the I-term (6.Fi,max) should be looked at independently because
noise, which influences the P-term, will also influence the I-term when a flow change
limitation concerns both parts at once (Eq.(2.3)).

Eq.(2.4) presents the I-term limitation. The maximal flow rate change is reached at an
error of 30 mmHg. The limitation is dependent on the gain. This guarantees equal
safety for all patients in all situations. In figure 2.28 the maximal flow rate change due
to the I-term is presented as a function of the error. When the MAP rises above 30
mmHg, 6.Fi,max is reached. As a result the controller is more robust in case of to
transients.
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/)..!=;,max = 30 [mmHg] . K; . Gain

/).. Fp,max = 2 [mmHg] . Kp • Gain

(2.4)

(2.5)

A P-term flow limitation is based on the same philosophy (Eq.(2.5)). Theoretically a
limitation of the flow rate change due to the P-term is not necessary because the
transient mechanism will avoid large flow changes. Moreover, a P-term limitation
introduces a non-linearity in the PI-controller. For example, in figure 2.2A a large MAP
change occurs. Because the flow rate is limited, the flow only rises with IJ.Fp,max' Then
the MAP smoothly returns to its starting level. Now, IJ.Fp,max is not reached. As a result
the total flow change up differs from the total flow change down. The P-term
influence, normally linearly dependent on the error, now has a non-linearity.

The clinical tests in Brussels show that using no P-term flow limitation leads to
unnecessary flow changes especially near transients. Although these flow changes did
not cause instability, nevertheless, a moderate IJ.Fp,max should be introduced (Eq.(2.5)).
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figure 2.2 (A) Nonlinear effect of a P-term flow limitation. (8) effect of the I-term
flow limitation.

2.6 Negative flow rates

After some time the influence of the P-term of the controller becomes linearly
dependent on the distance between the MAP and the setpoint (Eq.(2.6)).

P-term = ek • Kp • Gain
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Due to the calculating method the flow rate does not represent the P-term influence
anymore when the flow rate is zero. Then a decrease in pressure should result in a
negative flow which is not possible. This can result in an overreaction to fast pressure
changes sometime later. In figure 2.3 at 10:59 the controller overreacts to a fast
pressure change below the setpoint. To avoid this, a virtual negative flow is used in the
computations when the real flow is zero. Control is started again when the virtual flow
exceeds zero or when the pressure is above a limit, 3 mmHg under the setpoint. At
10:09 in figure 2.4 a sudden MAP change causes a small reaction of the controller.
When the MAP is below the setpoint, the flow remains zero.
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figure 2.3 The old situation: an excessive reaction of the
controller to a transient by a MAP which is below the setpoint.
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figure 2.4 The new situation: the controller with a negative
flow rate does not overreact (10:09).
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3 Gain adaptation mechanisms

The PID-controller can cope with the expected range of dynamic patient characteristics.
To meet the expected range of patient sensitivity, adaptation to the gain is necessary.
When the control gain is too low compared to the sensitivity the gain is adapted. In
contrary to the previous controllers with 5 control classes, now 1 gain out of 9 classes

is selected (119 < Gain < 9, each differing a factor /3). A gain of 1 belongs to a
patient with sensitivity 25 [mmHglpg/kg/min]. The control gain should ideally be made
inverse of the sensitivity. In that case the controller is adapted correctly.

Control remains good when the gain differs at most 1 class from optimal; overshoot
will be less than 10 mmHg and no MAP oscillations arise. If the gain differs two or
more classes from optimal, the MAP may overshoot the setpoint or oscillate. The
success of many drug delivery systems heavily depend on mathematical models of the
patient. They were successfully introduced in the ICU [Sheppard, 1972]. However,
accurately identifying a mathematical model of patients is a very difficult task,
especially in the clinical environment. If a process involves time-delay, non-linearity and
time-variance, a suitable controller is difficult to design. An alternative is a controller
guarded by a supervisor. This is an expert system that uses medical and engineering
knowledge to verify the controller's behaviour. [Martin, 1992A/B], [Blom, 1990],
[Lammers, 1990], [Zwart, 1990] and [Hao Ying, 1992].

In our controller the gain is selected by an expert system. Various mechanisms compare
the MAP change with a minimum or maximum which is allowed in that context.
Section 3.1 describes the general mechanism responsible for the gain adaptation.
Section 3.2 up to section 3.5 present additional mechanisms. They are added to
increase safety when the general mechanism fails due to false interpretation of changes
in the mean arterial pressure. The last section describes the exact conditions that
ensure that a gain adaptation is based on reliable information.

3.1 GainUp 1 and GainDown 1: The general gain adaptation

In the ideal situation all gain adaptations are performed by this mechanism. Because the
sensitivity of the patient is variable in time the gain adaptation must be a continuous
process that never ends. ,
Starting at a distance from the setpoint, the controller regulates the MAP towards the
setpoint along an ideal curve in time (figure 3.1 a). When the real curve deviates from
the ideal, a gain adaptation occurs.

For each discrete distance to the setpoint a minimum and maximum derivative is
tabulated. Figure 3.1 b shows the expected derivative as function of the distance to the
setpoint. The bound around this ideal derivative is the allowed deviation. At 30 mmHg
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the maximal flow change is reached. At larger error rates the I-term-limitation prevents
further acceleration (section 2.5). To prevent noise and transients to influence the
adaptation, instead of the derivative the progress over a specific period is used as
substitute for the derivative.
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figure 3. 1 Gain adaptation mechanism
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figure 3.2 GainUp adaptation (11:21) figure 3.3 Gain Down
adaptation (at 10:01)

For the GainUp adaptation a progress is calculated. This progress is defined as the
difference between the minimum and maximum distance to the setpoint during the last
30-samples (150 seconds). The expert system requests for a GainUp when three
conditions are satisfied:

(1) The progress is below a minimum, tabulated for each discrete distance to the
setpoint. If so, the MAP changes too slowly towards the setpoint.

26



Gain adaptation mechanisms

(2) The current MAP is near 2 mmHg of the minimum distance to the setpoint
measured within these 30 samples. This avoids an adaptation at the moment
that the MAP is changing due to other causes than SNP: In figure 3.4 three
different MAP situations are shown. All of them satisfy the first condition; the
progress is below a minimum. In situation (A) the MAP is rising (not due to
SNP): no adaptation is performed. In situations (8) and (C) also condition two is
satisfied and a GainUp adaptation is requested for.

(3) All sample values are out of the 6-mmHg bound around the setpoint. Within this
bound the flow rate change is so small that the expected MAP change due to
this flow rate change cannot be distinguished from noise and transients in the
MAP signal. As a result gain estimation becomes unreliable.

3O-somples

(A)

3O-somples

(B)

1
3O-samples

(C)

1

figure 3.4 (a) the MAP is changing (not due to SNP) (b) the turning point,
the controller starts to be effective. (c) the controller regulates the MAP
back to the setpoint.

When the progress of the MAP is fast, a GainDown is requested. The progress of the
GainDown adaptation is calculated over the last seven samples (35 seconds). This
ensures a fast reaction of the controller to gain overestimation. The expert system
requests for a GainUp when:

(1) The progress is larger than a maximum, tabulated for each discrete distance to
the setpoint. Then the flow rate was changed too fast and the gain is probably
too large compared to the current patient sensitivity.

(2) The current pressure is at most 2 mmHg of the minimum distance to the
setpoint within the last 7 samples. This ensures that the MAP is changing
towards the setpoint. If not, the pressure change is probably a transient caused
by something different from SNP.

(3) The smallest distance is out of the 4-mmHg bound (see the test evaluation).

If the general gain adaptation fails, several other mechanisms ensure robust and safe
control.
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3.2 GainDown 2: Overshoot detection

The general GainDown mechanism is not active around the setpoint. When the gain is
large this may result in overshoot of the setpoint. This indicates a gain that is too high
compared to the current patient sensitivity. Here overshoot is defined as a pressure
overshooting the setpoint by 5 mmHg or more. If the pressure changes from 5 mmHg
to -5 mmHg too fast, a GainDown is forced. To avoid false detections, an overshoot is
detected under three conditions:

(1) The pressure traverses the 5-mmHg bound around the setpoint within 1 minute.
If so, the MAP is said to overshoot the pressure.

(2) The pressure has been above or below the setpoint for four successive minutes.
This ensures that the controller is changing the flow rate in one direction for a
significant time. If so, the overshoot may be due to this flow rate change.

(3) The pressure has been out of the 10-mmHg bound within this period at least
once. This ensures that a significant hypertensive period existed, which lead to
the overshoot.

3.3 GainDown 3: Oscillation detection

An oscillation of the pressure is a result of a combination of a too high gain and an
unexpected large time delay between drug delivery and patient response. This delay is
enlarged during Cardiac Pulmonary Bypass (CPB). In Brussels the drug entered the heart
lung machine first. This caused an additional delay of up to 45-seconds, depending on
the extra blood volume in the heart-lung machine. Hypothermia and the circumstances
of the bypass decrease the sensitivity to nitroprusside (See Appendix.A). Also
important is the manner of drug infusion. At first in Brussels, the nitroprusside infusion
device shared a line with other drugs. As a result the drug concentration infused
depended on the infusion rate of the other devices connected to the line.

Flow and pressure oscillations are detected to prevent oscillations with large amplitude.
The problem is how to detect whether an oscillation is caused by the controller or by
noise and artifacts. Noise and artifacts in the MAP pressure destroy the interesting
correlation between flow and pressure measurements. Therefore, the pressure and flow
oscillation detection methods function separately.

3.3.1 Pressure oscillation detection

Each time the pressure leaves the oscillation bound (figure 3.5) a counter is increased.
Sequentially pressure border crossings above and below the setpoint are detected. This
counter indicates whether the MAP is oscillating around the setpoint or not. If the
counter equals four an oscillation is detected. Then the counter is decreased by two.
When the oscillation continues the next GainDown adaptation is detected after two
more border crossings. When the flow is stable or a detected oscillation cycle takes too
long in time compared to the expected oscillation cycle of a patient with the largest
time constants this is not a true oscillation. The oscillation counter is reset if one of

28



Gain adaptation mechanisms

three conditions are satisfied:

(1) A transient detection frustrates the oscillation detection because extra crossings
of the oscillation bound may appear. When the treatment of the transient is
finished, the counter is reset.

(2) When the controller is in stabilizing mode for 30 seconds the oscillation counter
is reset. If so, the MAP has been stable for about three minutes near the
setpoint.

(3) When the MAP did not cross the setpoint for five minutes after an increase of
the counter, the counter is reset. Even oscillations with very long time constants
are detected in this way.

Oscillations using a patient with a time constant twice as large as the assumed
maximum are detected by these rules. The oscillation boundary above the setpoint is
lowered to 3 mmHg to be sensitive to MAP oscillation with an average below the
setpoint.

1 3
3 mmHg

a..«
~ SETPOINT

I --- - 5 mmHg
2 4

---7) TIME
figure 3.5 Pressure oscillation detection

3.3.2 Flow oscillation detection

The flow history does not contain more information than the pressure history. If the
pressure is near the setpoint and fluctuating fast, flow changes are not very effective.
Then the MAP is stable near the setpoint and the flow rate is probably also near its
optimum. Moreover, due to the response time of nitroprusside the capability to reduce
fast pressure oscillations is limited. However, a varying flow in combination with
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transients in the MAP can lead to oscillations in the pressure. To avoid this, the
controlling mode is changed to stabilizing if such an oscillation is detected and the
pressure is near the setpoint. Some advantages:

(1) This avoids unnecessary GainDown adaptations when transients, caused
by drugs or surgical action temporary change the patient response to
nitroprusside,

(2) The flow oscillation parameters are chosen as very sensitive in order to
detect flow oscillations before a MAP oscillation develops.

An amplitude (A) is calculated according to Eq(3.1).

A = Gain' AF. . 60 [s] = [~g/Kg!Min]I,max
(3.1)

This amplitude guarantees equal safety for all patients because it is dependent on the
gain and corrected for the patient weight (A is given in Jig/kg/min). In words 'the
amplitude for which the pressure should be 1 minute out of the 30-mmHg bound'. This
amplitude was found to be adequate through simulations.

The extrema in the flow are detected. When a minimum flow is found, the mechanism
searches for a maximum that is at least (A) higher than the minimum. Figure 3.6 pre
sents a graphical explanation. Every 250 seconds the counter is decreased by one.
When the counter equals six, an oscillation in the flow is detected.

~ TIME

figure 3.6 Detection of flow oscHlation

The flow oscillation is reset when the MAP oscillation counter becomes two. This
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prevents any interference of the pressure and the flow oscillation detection mechanism;
when a flow oscillation is detected and the pressure is near the setpoint a switch to
stabilizing mode is made. If so, the MAP-oscillation counter is reset after 30 seconds.

3.4 GainDown 4: Large setpoint change up

GainDown adaptation due to a large increase of the setpoint is the fastest mechanism
of the GainDown family. It acts before the flow or the pressure show any effect of the
setpoint change. Occasionally the GainDown action is not necessary, and a GainUp
adaptation is performed sometime later. When the setpoint is increased by a large
amount and if the SNP flow rate is also larger than half its maximum level, the
following rule requests a GainDown adaptation:

GainDownSetpointChange: 'GainDown request due to setpoint change up'
LargeSetpChange and FlowHalfMax
then tr: GainDownRequest

Rule LargeSetpChange is true if the target blood pressure is increased by at least 40
mmHg. As for SetpConst, small changes are accumulated. The second condition is
added to prevent unnecessary GainDown adaptation. For small flow rates it is unlikely
that the sensitivity has decreased by such an amount that a GainUp adaptation did
occur. If both conditions hold, this rule requests a GainDown adaptation. Usually the
GainDown request is acknowledged, and then results in a one step decrease of the
control gain.

3.5 GainUp 2: No realistic gain

All gain adaptations are based on observations of the mean arterial pressure. This
mechanism is an exception. When the flow is large and the gain is small the controller
cannot react fast enough during a hypotensive period. To limit this effect, a minimum
gain is defined. When the current MAP is near the setpoint and the flow rate caused a
"theoretical" pressure decrease larger than 80 mmHg considering the optimal sensitivity
belonging to the gain currently used, the gain is increased by one class. The mechanism
is active when the filtered error is negative and the rule NoRealisticGain is true.

NoRealisticGain : 'The flow is too large considering the current gain'

btest ~mmHg/~glkg/minl . flow [~glkglmin] > 80 [mmHg]
Gam

NoRealisticGain is true when the current gain multiplied by the pressure decrease
belonging to a patient with optimal gain 1 and a sensitivity of 25 [mmHg] is larger than
80 mmHg. The mechanism is active when artifacts, noise and false oscillation
detections mislead the other gain adaptation mechanisms.
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3.6 Constraints for gain adaptation

Several constraints must be satisfied when a gain change is acknowledged. Some are
specific for both the GainUp and GainDown adaptation. Correct decisions are drawn
when the controller is adjusting the control flow in one direction for sometime. Five
constraints ensure this statement:

(1) The pressure is above or below the setpoint for more than 4 minutes,
(2) Automatic control is active for 4 minutes,
(3) No transients were detected for 3 minutes; during transient detection, the PID

controller is overruled by the expert system. As a result the changes of the MAP
and the control gain are not related anymore and the gain adaptation is disabled.

(4) THe setpoint is constant for 3 minutes. This assures a correct context during the
last 30 samples.

(5) The gain was not changed for 3 minutes. When a gain change is acknowledged,
the GainConst timer is reset. No gain adaptation is allowed for three minutes.
After this time the new gain will have influenced the flow significantly and the
expert system is allowed to take new decisions.

Constraints for GainDown adaptation

A fast MAP increase or decrease is caused by a flow change if a flow was available.
Therefore a GainDown adaptation is acknowledged only when the flow was above its
minimum 2 or 3 minutes ago.

Constraints for GainUp adaptation

The controller evaluates the rule Saturation that means: A GainUp adaptation does not
increase the effectiveness of the controller at the moment. We distinguish three types:

(1 ) The function NoProg is a measure of progress of the MAP identical to that of the
gain adaptation mechanism. When the progress, calculated over a 50-sample
period, falls below minimum, control is not effective and the rule Saturation is
true.

(2) The flow arrives at its minimum or maximum within two minutes. The gain is
high enough considering the current flow rate. The rule Saturation is true.

(3) When the flow change during the last minute exceeded 50%. This allows the
patient enough time to respond to a large flow change. The rule Saturation is
true.
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It turned out from clinical cases [Lammers, 1990] that effective control was detected
mostly because the flow reached its maximum or minimum, and further GainUp
adaptation was disabled. However, in some cases the flow rate was not at its
maximum or minimum for some samples and the gain was adapted incorrectly.
Therefore, the flow should not have been near its maximum or minimum for some time.
Two rules ensure this:

(1) NoSat1: 'No Saturation: Flow not at maximum for one minute'
FlowNotMax > (60)

(2) NoSat1: 'No Saturation: Flow not at minimum for two minutes'
FlowNotMin > (120)
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4 Actions in case of large pressure fluctuations

4.1 The need for transient detection

A transient is defined as an unexpected, temporary, large pressure increase or
decrease. Because transients are by definition temporary, the controller must not try to
bring the MAP toward the target level during a transient; any attempt to do so would
require a large change in flow rate, without results, that the controller must recover
from again when the transient is over. A better reaction to a transient is to "limit" the
flow until the transient is over.

For up transients this is the correct strategy. When a transient is detected, the flow
rate is allowed to vary below the pre-transient flow rate only. When the pressure
change turns out to be permanent, normal control is continued. This procedure allows
short periods of hypertension. This cannot be avoided because we cannot know
whether a transient is temporary or permanent.

For a temporary period of hypotension during a DownTransient this can be the best
strategy but when a decrease is permanent, the flow must be shut off because a low
pressure can be dangerous. The strategy is to assume the worst: shut off the flow
when the pressure drops quickly, and resume the flow rate at its pre-transient value
when it turns out to be a temporary decrease after all. Again the flow rate is allowed to
vary below the pre-transient level.

Transient detection is not different in manual mode of operation, although in manual
mode the flow rate is not affected and can still be changed manually. However when
switching to automatic during an UpTransient, the flow is frozen at the level that was
last adjusted, and control does not start until the transient is over.

4.2 Incorrect transient detections

When a transient is detected, the expert system overrules the PID-controller, the flow
change is restricted and decisions different from the transient detection are abandoned.
In general an unnecessary detection has some disadvantages because control is less
effective for some minutes and decisions of the expert system are delayed. Three
mechanisms determine whether a detected transient should be acknowledged or not.
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4.2.1 Incorrect transient detection due to manual flow adjustments

The controller is designed to regulate the MAP smoothly to the target level. Even if the
control gain is too high, no transient-like MAP changes occur. Manual adjustments of
the flow rate are more abrupt than the control action and can cause transients; if the
"flow zero" key is pressed, the flow is shut off immediately and generally after about a
minute the MAP will rise quickly and an UpTransient could be detected.

4.2.2 Incorrect transient detection due to fast flow changes

During automatic control it is possible that the pressure changes so fast that a transient
is detected. Suppose the pressure is quickly rising because the setpoint was changed
and the flow is adjusted. Then the MAP is expected to change. If the flow is constant
the MAP is expected to remain constant as well.

A fast changing flow is detected using a filtering technique (Eq.(5.4)). The flow rate is
compared with the filtered flow. If the relative difference exceeds 50%, the flow rate is
considered to be quickly changing and the MAP is expected to change as well. When
the difference is less than 25% the flow is stable (again) and the MAP is also expected
to be stable. Three different states are shown in figure 4.1. UpTransient detection is
disabled when the MAP is expected to increase. DownTransient detection is disabled
when the MAP is expected to decrease.

Map II expected
fobeafat)le

RowConItant

figure 4. 1 Expected change in MAP due to a flow change

4.2.3 Incorrect transient detections due to small pressure changes

A change of the MAP that is preceded by a smaller change in the opposite direction
needs special care. For instance a small pressure decrease from 55 to 40 [mmHg] (too
small to detect a DownTransient) happens. After 20 seconds the pressure increases
from 40 to 70 [mmHg], which is large enough to detect an UpTransient. No
UpTransient should be detected at this point, however, because the MAP just recovers
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from its previous small decrease, and rises 15 [mmHg) more. In this situation only MAP
increases of 100 [mmHg) or more within a short period should be detected as
UpTransient.

A pre-condition for an UpTransient is a small increase of the MAP just before, and a
condition that disables detection is a small MAP decrease just before a large pressure
increase is detected.

lOQl<hg for
UpTrarilent

HattUp

figure 4.2 Start of transient detection

Normally the transient detection is disabled. When the rule HalfUp is true a transient up
detection is started (figure 4.2).

HalfUp: 'there is a small unexpected slope increase'
SlopeSmUp and not (expectMAPlncrease and UnderSetpoint)

The rule SlopeSmUp marks a small pressure increase of 10 [mmHg) in 15 seconds or
17 [mmHg) in 75 seconds; the rule SlopeUp marks a large pressure increase (next
section). The second condition of rule HalfUp requires that the MAP is not expected to
increase (section 4.2.2).

EndHalfUp: 'the pressure is not increasing any more'
SlopeSmDown or TransUpEnabled > (120 [s1)

If no UpTransient is detected in 120 seconds or when a small slope down is detected
instead, the rule EndHalfUp is true. The transient detection will be disabled again.

4.3 Transient detection

To detect transients, each sample time the new MAP is compared with previous
measurements. When the difference exceeds a certain limit, a transient is detected. For
instance an UpTransient is detected if the MAP rises more than 20 [mmHg) in less than
15 seconds, or 25 [mmHg) in 30 seconds or 40 [mmHg) in 150 seconds. The slower
the MAP changes, the more it must rise before a transient is detected.
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Special care is necessary in case of invalid measurements. A measurement is invalid if
the characteristics that are derived in each heart cycle differ from the characteristics
from the previous samples. When a transient develops, the pressure changes quickly,
and thus it is likely that invalid measurements occur. Only valid measurements are
considered.

The end of a transient is detected when the MAP is almost back to its pre-transient
value. The pre-transient pressure is the pressure at the beginning of the transient, and it
equals the average value of the lower and the higher MAPs that are involved in
transient detection.

When the transient is finished control is continued with the pre-transient flow. It is
calculated as 95% of the filtered pre-transient flow rate. This to disregard the reaction
of the PI controller on the transient before it was detected (section 5.2). If no ending is
found control will be continued after a time out procedure (varying from 90 to 240
seconds).

4.4 Detection and treatment of up transients

Figure 4.3 shows the state diagram for Up and DownTransients. A detection starts in
state No Transient. An UpTransient is detected when the MAP rises more than 20
[mmHgl in less than 15 seconds, or 25 [mmHgl in 30 seconds, or 40 [mmHgl in 150
seconds (rule SlopeUp). This rule can only be true when a smaller, unexpected MAP
increase has enabled transient detection. During the transient the flow is allowed to
vary below the pre-transient flow rate. This avoids ineffective large flow changes.
The end of a transient is detected as soon as the MAP is below its pre-transient level
(rule CloseUp). When no transient end is detected within 4 minutes, it is assumed that
the pressure increase is permanent, and normal control continues. If the MAP returns to
its pre-transient pressure after all, no DownTransient will be detected.

4.5 Detection and treatment of down transients

The detection of the start of a DownTransient is similar to the detection of an
UpTransient. A DownTransient is detected if the MAP decreases more than 23 [mmHgl
in less then 15 seconds, or 30 [mmHgl in less than 30 seconds. However, the
procedure in case of a DownTransient is different: the flow is shut off and control is
continued starting at flow rate zero. The flow is allowed to vary under the pre-transient
flow level. This avoids the MAP to overshoot the setpoint when the transient is over.
As soon as the pre-transient pressure is reached, the transient is ended. If the
DownTransient is shorter than 1 minute, control continues with the pre-transient flow.
If not, a further increase of the MAP is expected as a reaction to the previous zero flow
period. Therefore the flow is kept at the pre-transient level till this hypertensive period
is passed.
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Down2

SIopeOown

figure 4.3 A state diagram of the detection and
treatment of transients

The complete cycle of a DownTransient is implemented in the state-diagram in figure
4.3. A detection starts in the state NoTransient. As illustration a DownTransient is
discussed in detail (figure 4.4).

NoTransient: When all conditions for a detection of a down transient are satisfied the
mechanism starts.

Down1 :

Down2a:

Down2b:

Down3:

SlopeDown marks the start of the DownTransient. The pre-transient
pressure as well as the pre-transient flow is stored, the state down1 is
activated and the flow is shut off (at 00:01 :20). Control is resumed using
the minimum flow. All gain adaptation mechanisms are disabled because
the expert system overrules the PID-controller and therefore no reliable
decisions about gain adaptation can be made. If the pre-transient flow is
reached the flow remains constant at this pre-transient flow level..

Rule CloseDownA is true if the MAP is above the pre-transient pressure
and the transient lasted less than 60 seconds. The transient is finished
and control is continued at the pre-transient flow.

Rule CloseDownB is true if the MAP is above the pre-transient pressure
and the transient lasted longer than 60 seconds. As a result we expect
the pressure to rise above the pre-transient level. State Down2 is made
active and the flow is restored (at 00:03:25) but kept constant at the
pre-transient level.

The MAP is now expected to rise approximately 15 [mmHg] above the
pre-transient pressure. which occurs at 00:04:00. State down3 is
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entered, and the flow is still kept constant. Transient detection is reset at
the current pressure to enable detection of an UpTransient that may
result from the zero flow period.

Down4: An Up Transient (SlopeUp) is detected at 00:04:50; a new pre-transient
pressure is computed and state Down4 is entered.

NoTransient Normal control is continued and the initial states NoTransient and
transient Disabled are re-entered.

end
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figure 4.4 Example of the detection and treatment of a
long down transient

When the MAP is expected to increase in state Down2 or state Down3, a transient-like
pressure decrease might occur instead. In that case state Down1 is reentered.

Several time out mechanisms are added. States Down1 to Down3 are true for at most
90 seconds. Down4 is left after at most 150 seconds.

4.6 Consequences for other rules in the expert system

Transients cause the pressure and flow to deviate from normal. As a result the gain
adaptation and oscillation detection mechanisms are disabled.
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5 Noise reduction

The mean arterial pressure is influenced by MAP fluctuations with temporary and
permanent cause. Decisions of the expert system should be based on the long term
MAP changes rather than the actual moment to moment MAP. Therefore, MAP
measurements over a longer period must be taken into account. A method to reduce
random influences such as noise is filtering. Moving average filters are used at different
places all through the rule base.

5.1 Moving average filters

A moving average filter implements a low pass filter. The filter is described by:

(5.1 )

The output xk is the moving average of Yk' The filter constant f (between 0 and 1)
determines the characteristic time constant of the filter.
The main reason for filtering is the reduction of meaningless signal variations. Decisions
based on noisy signals are generally influenced by that noise, and thus may be
incorrect. A filter introduces a time delay. For decisions in the expert system a delay is
often acceptable.

5.2 Filters used in the knowledge base

The distance between the MAP and the setpoint is presented by the filtered variable
"error" (figure 5.1). The goal is to have the most accurate MAP value. Only high
frequency noise is removed.
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o 1 2 3 4 56? 8 9 ... in

figure 5.1 The "error"-filter: the step response shows that 45 {s] are needed to reach
the 90% limit (f = 0.80).

When a transient occurs, the pre-transient pressure is computed. A transient always
starts sometime before it is detected, and the control signal will have already shown
some undesired reactions before the transient handling control regime is entered. The
pre-transient flow therefore is based on a moving-average filter of the flow rate, in
order to remove the controller's reaction to the start of the transient.

90:1. ------=-_-

o 1 2 3 4 56? 8 9 ... in

figure 5.2 Pre-transient flow filter: the step response shows that 2.30 minutes are
needed to reach the 90% limit (f=0.93).

Finally the flow is filtered (f =0.98) to detect a large change in flow. When the relative
difference between the flow and filtered flow exceeds the 50% limit, a large MAP
change may be expected (Eq.(5.2) and figure 5.2).
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slowf lows lope, filter
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figure 5.3 SlowFlowSlope: the step response shows that about 4 minutes are needed
to reach the 50% limit.
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6 MAP validation

Sometimes the pressure measurement is disturbed, and in such cases the
measurements do not reflect the real pressure; causes are flushing of the arterial line,
sampling of blood, electrocautery, etc. To prevent invalid measurements from causing
unreliable control, in each heart cycle the shape of the arterial pressure curve is
checked and compared with the previous heart cycles [Melissen, 1989 and Zwart,
1990). The comparison is based on slopes, systolic maximum and diastolic minimum,
the cycle time and some other parameters; only when these parameters have
physiological values and differ little from parameters of the previous cycles, the heart
cycle is considered valid.
We consider:

the diastolic pressure
the systolic pressure
the upslope of the pulse pressure
the downslope of the pulse pressure
the systolic pressure slope
the pulse period (heart rate)
the average of the blood pressure over the full period

The changes in those parameters define the validity of a heart cycle [Lammers, 1990
and Hoeksel, 1992]. After a short period of invalid measurements, control is stopped
and the anaesthetist must take control. Simulations and practice show that the
controller can work accurately for 2 minutes if the MAP is close to the setpoint, and
one minute otherwise. For safety reasons the system returns to manual after 1 minute
if the MAP is near the setpoint and after 30 seconds otherwise. As soon as blood
pressure measurement is reliable again, the anaesthetist can switch back to automatic
control by pushing one single button.
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7 The clinical tests

7.1 The test environment

The blood pressure controller has been tested in the Hopital Erasme, Free University
Brussels. Two anaesthetists performed 38 clinical tests during cardiac surgery ( valve
replacement and bypass ). Communication with the computer was performed by the
anaesthetist, during the first twenty tests supervised by the engineer.
The system was used in two operating rooms. A trolley contained a Compaq 386-20
AT with EGA monochrome plasma display, an IMED pump and a Labmaster card. The
analog blood pressure signal was taken from the HP-monitor of the operating room. The
blood pressure was sampled with a resolution of 0.25 mmHg and a frequency of 50
Hz.

Nitroprusside was infused with a 0.05 lpg/kg/min] accuracy for an 80-kilogram person.
In case of a patient with the most sensitive response to SNP, we can regulate the
pressure with a resolution of 8 mmHg. For such a patient the controller probably will
not be stable because the control flow will switch between two levels that result in an
8-mmHg varying MAP. To avoid a toxic reaction to nitroprusside the maximal flow rate
and the total dose of nitroprusside are restricted. The maximal flow rate was limited to
12 lpg/kg/min] and the maximal total dose to 1.5 [mg/kgl. The volume in the infusion
line varied from 0.3 [mil to 3 [mil. During cardiac surgery over 10 different infusion
devices are connected to the patient. During the first 20 tests the IMED pump
sometimes shared an infusion line together with several other drugs. As a result the
actual drug infusion of SNP is dependent on the flow rates of the other devices. In the
second half of the tests nitroprusside was infused along a separate infusion line.

At the start of the control session, the trolley with the computer was placed next to
the instrumentation unit. The patient and pump were connected along a 2-meter
infusion line. When the computer was switched on, the anaesthetist had to enter the
patient's weight, operating location and drug concentration. Then the controller was
started in manual mode. The controller is now standby. The anaesthetist usually starts
automatic control before aortic clamping. When the connection between the heart and
the heart lung machine is realised, the pressure validation algorithm is manually
switched to perfusion (bypass). After declamping of the aorta hypertensive periods
rarely appeared and therefore the control session was usually closed at that time.
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7.2 User interface

The user interface was basically the one of the Eindhoven prototype [Hoogendoorn,
1989]. In Brussels a monochrome LCD display was used. This decreased the readability
of the message window and the contrast of the setpoint line. On the request of the
anaesthetists, the screen supplied additionally the numerical representation of the 
systolic and diastolic pressure.
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After about ten operations the anaesthetists performed all communication with the
computer and hardware independently from the engineer. They focused their attention
on the graphical representation of the flow rather than the graphical MAP display or
numerical information. A change in the MAP is an important indicator for the
anaesthetist. Often the anaesthetist sets an alarm to mark a specified change in MAP, a
MAP increase above a maximum or a MAP decrease below a minimum. The controller
hides this information because the MAP remains stable around the setpoint and no
alarm will sound. In the future an intelligent alarm based on both the MAP and the flow
rate should replace this simple MAP alarm [Martin, 1992B].

7.3 Brussels versus Eindhoven

The test in Brussels is an international cooperation between the Division of Medical
Electrical Engineering and the Academic Hospital Erasme. For the anaesthetists in
Brussels, it was the first contact with an automatic blood pressure controller. Besides
this, a new clinical test was necessary to test an improved version of the controller
tested in the Catherina Ziekenhuis at Eindhoven [Zwart, 1990). In general, anaesthesia
is hospital dependent and differs between anaesthetists of the same hospital.
Compared to the Eindhoven tests, several medically induced differences appeared:
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(1) The maximal flow rate of SNP was allowed to be 5 to 8 times as high as in
Eindhoven. This results in longer periods of effective control. Moreover, this
improves the control performance because the controller has more time to adapt
to the patient.

(2) Anaesthesia in Brussels was assisted by the MINA-infusion system. Up to eight
infusion devices are centrally controlled. The expertise of the anaesthetist is
stored and available in sequences of infusion rates. The anaesthetists think this
results in more constant anaesthesia [Coussaert, 1991 l.

(3) The system was tested under normal clinical circumstances. One anaesthetist
started the system 15 minutes before aortic clamping and ended the session
when the heart-lung machine was disconnected. The other started with the skin
incision and ended when the pericardium was closed. In Eindhoven the last
procedure was used for all operations.

(4) The setpoint was constantly 70 mmHg during CPB. Out of bypass setpoints
varying from 70 to 100 mmHg were used. In Eindhoven the setpoint was 50
mmHg during CPB and 75 mmHg out of bypass. As a result the Eindhoven
controller was less effectively during CPB, because the maximal flow rate was
reached in many operations.
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8 Test results

A total of 38 tests with automatic control was performed. Three different series

A)
B)
C)

8 tests
15 tests
15 tests

start up of the system
realistic gain is added, the negative flow rate was added.
oscillation detection changed, view unit changed.

The evaluation answers two questions. 'Is the controller robust and effective in the
clinical environment?' and 'Do the various implemented mechanisms fulfil their tasks as
expected?'. This chapter evaluates results concerning the patient response to
nitroprusside and presents results of the control performance. The next chapter
evaluates the separate mechanisms of the controller.

8.1 Patient response

We discussed a first order model of the patient response to SNP (section 1.3). For
some operations the delay time and the sensitivity could be estimated. In Table IV the
observed values are presented next to the expected values (between brackets). They
differ significantly.

Table IV Observed first order patient response measured in 10 of the patients in
test series A and 8; observed values and expected values (between brackets)

minimum median maximum

sensitivity 1 (2.8) 6 (25) 50 (225) [mm Hgl,ug/kg/min]

time 40 (25) 70 (50) 100 (65) [seconds]

The minimal sensitivity was a factor three lower and the delay time was significantly
larger than expected. This may be due to the special circumstances of cardiac surgery:

(1) Hypothermia, the smaller arteries do not dilate at low body temperature [Roger,
1991].

(2) The patient's age ranged from 26 to 79 with a median above 50. Younger
people are less sensitive to nitroprusside than older people ([Wood, 1987] and
figure 8.1). As a result our observations become more relevant, because even
for older patients a lower sensitivity than expected was observed.
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(3) CPB:
*

*

*

(4)

Baroreceptor action during CPB is different from normal. Different organs
react to the fact that the heart function is suppressed.
The blood volume during CPB is larger. As a result more nitroprusside is
necessary to reach the same concentration in the blood. The dilation of
the arteries is linearly related to the concentration of SNP in the blood.
The extra volume varies from 1.5 to 2.5 litres.
SNP was infused in an artery returning to the heart. There it first entered
the heart-lung machine before it is spread in throughout the arterial
system. The time that the drug stays within this machine results in a
pure extra delay time in the patient response to SNP (figure 8.2).

The anaesthetic procedures and drugs can have a large influence on the
sensitivity to nitroprusside.

••

• • •

•
•

r= 0.76

p<O.OOI

.: 30

.!:: 25
0'

~ 20
0'

~ 15
n.
~ 10
......
I~ 5 •<3 0L.-----L_----'--_...I...----lL-----L_----'--_...L..-----I

o 10 20 30 40 50 60 70 80
AGE (yrs)

figure 8. 1 The sensitivity to nitroprusside
is linearly dependent on age [Wood, 19871

figure 8.2 Drug infusion during the
Cardiopulmonary Bypass
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Should these observations have implications for the controller?

The sensitivity was significantly lower than expected. This does not change the control
problem. First the least sensitive patients have few benefits of a nitroprusside infusion.
The maximum dose results in a 12-mmHg MAP decrease. Probably additional
vasoactive drugs are used to lower the blood pressure. Secondly we cannot conclude
that the most sensitive categories do not exist.

The delay time during CPB is significantly larger than out of CPB. This has two
implications. The gain adaptation measures the response over a 30-sample window. In
case of a large delay, the time before a significant patient response is visible can
become larger than 30-samples. As a result the gain adaptation mechanism becomes
less accurate and may select a gain too large compared to the sensitivity of the patient
(Appendix B).

The adaptation window could be enlarged to cope with the larger time delay. During
the Eindhoven tests a variable size window was used. A window size of 42 samples
will be sufficient. Whenever possible, nitroprusside should be infused into the output
line of the heart-lung machine rather than the input line. In that way it is spread through
the arterial system first instead of being delayed by the heart lung machine.

8.2 The controller performance

8.2.1 Distance between MAP and setpoint

A widely used measure of performance is the percentage of time for which the blood
pressure is within the 10-mmHg bound to the setpoint. Table V presents the results for
the last 15 tests. During operations in which the pressure is beneath the setpoint for a
long period, interpretation of statistical information becomes difficult. Figure 8.3 up to
figure 8.6 present the performance during one single operation: total operation,
automatic control, effective control and positive difference between MAP and setpoint.
It shows that the performance during the total automatic control period not necessarily
relates to the performance of the controller. To compare different tests an effective
control period is defined: All samples for which the controller supplies a non-zero flow
rate and, moreover, the maximum flow rate is not reached. For this effective control
period the results are very good; On average during 90% of the samples within this
period the MAP was within 10 mmHg distance to the setpoint (the Eindhoven this
average was 66%), Interpreting these values is difficult because they are only
interesting in relation to a manual control comparison under similar circumstances.
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Table V: Performance of controller during the last 15 tests. The second column
gives the percentage of time the MAP was within the 10-mmHg bound around
the setpoint during automatic control. Column three presents the number of
minutes of automatic control of the test. In column four and five the
performances during effective control are presented. Effective control is defined
as the time during which the control flow is not zero or maximal.

test auto (%) auto (min) eff (%) eft (min)

1 66 91 99 40

2 72 170 95 135

3 73 227 94 134

4 56 87 77 40

5 38 12 87 6

6 54 211 90 67

7 49 113 99 39

8 63 185 81 109

9 67 64 79 45

10 53 73 64 27

11 46 120 87 42

12 90 123 94 98

13 47 124 95 41

14 93 178 94 148

15 45 128 92 23

0) The error is equal to the distance from the MAP to the setpoint; error = MAP - setpoint. In figure 8,3 to
8.6 four histograms of the error are presented, all related to the same operation. In the histograms each
column represents the percentage of time of the observed control period that the error was within the
matching 5-mmHg-bound. Comparing the percentage of time the error is near 10 mmHg to the setpoint
between the different histograms shows the relation between the different observation types.
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figure 8.5 Histogram of the error during
effective control; a positive flow rate
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figure 8.6 Histogram of the error while the
MAP is above the setpoint. OJ
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8.2.2 Reduction of hyper/hypotensive periods

A well-adapted controller should regulate the MAP to the target level within 10
minutes. At the start the gain is often not correct. As a result the controller can be
slow which results in long hypertensive or hypotensive periods.
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figure 8.7 Length of hypertensive periods in minutes in relation
to the time the controller is in automatic contro/during 30
operations {Zwart, 1990J

20

15

10

..
:I :

I

I, I ,II, : I I I I • I I

\. II I I I, I" ~ " ,,: ',1 I I I I I I' I I I I

oJ,\.lojol.....llIi\''~......_.lliiII"ijIi/I'IIl'l'~\""'l"I~'.~~IO!..,,,~,,_, .:u;"'~'\;..l'.~:t~,~ll.~:,~,....' .....·~".......~".........~~__~
o 1 Z 3 hOU..

figure 8.8 Length of hypertensive periods in minutes in relation
to the time the controller is in automatic control during the last
25 operations Brussels'93

Figure 8.7 and figure 8.8 show the length of hypertensive periods during automatic
control for the operations in Eindhoven and Brussels. Each point in the figure marks the
ending of a hypertensive period during automatic control. An hypertensive period is
defined as the time between the start and ending of a period for which the MAP is 5
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mmHg or more above the setpoint.

The controller is very well capable to regulate the pressure to the setpoint within a 10
minute period, even at the start of the control session. When the controller is adapted,
the pressure is regulated to the setpoint within a 6 minute period. During one operation
the anaesthetist manually adjusted the flow rate before automatic control was started,
thus avoiding long adaptation periods at a very high blood pressure.

If the control gain is large, the MAP can over- or undershoot the setpoint. During the
tests small MAP oscillations sometimes resulted in short hyper- and hypotensive
periods with a maximum amplitude of 10 mmHg. A large gain in combination with small
transients resulted sometimes in 15 mmHg hypotension. The latter are very rare and it
is not possible to distinguish between the effect of the transient and that of the control
actions.

8.2.3 Remarks on different stages in cardiac surgery

The controller is designed to be used during all different stages of cardiac surgery.
Analyses of these stages supplies information about the performance for specific
control problems like extreme hyper- or hypotension, strong pressure fluctuations and
temporary changes in sensitivity.
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figure 8.9 Skin incision figure 8.10 Aortic
clamping

At the skin incision (09:48) the controller is started. The pressure rises far above the
setpoint (09:55). Because of electrocautery and surgical movements some arterial
measurements are incorrect (09:57). At (10:04) the controller gain is adaptation is

58



Test results

complete. When the skin incision is finished, the flow is lowered. At (10:12) the gain is
adapted again. The large flow rate causes a slightly hypotensive period.
The period around the clamping of the aorta presents many MAP fluctuations. This is
due to connecting the patient to the heart lung machine. The MAP validation algorithm
is switched from normal pulsative to the bypass validation algorithm. At clamping
(11 :42 in figure 8.10) a DownTransient is detected.
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figure 8.11 Perfusion, hypertension increases slowly figure 8. 12 Rewarming
of the body

After the start of the bypass the pressure is slowly increasing. Usually the controller
adaptation to the patient reaches its final state during the first half hour after clamping.
Before declamping of the aorta the body is rewarmed (12:26). The heart starts to
function again at a temperature of thirty degrees. During 25% of the tests the
rewarming is accompanied by hypertension and a temporary insensitive response to
nitroprusside. The controller is able to avoid a severe hypertensive period.
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figure 8. 13 Aortic declamping

The declamping of the aorta (12:45) is often followed by a hypotensive period. The
flow is shut off immediately. In the period after declamping the control gain is often
large considering the patient sensitivity. This could be a result of the rewarming period.

The gain adaptation during the rewarming period deserves special attention. The
temporary insensitivity results in gain overestimation after the bypass period. However,
no negative effects resulted. The latter is partly due to the few hypertensive periods
after the declamping of the aorta.
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9 The knowledge base

The controller used in Brussels was changed in many ways. They were changed to
keep the same robustness as the Eindhoven controller. Wherever possible the
mechanisms were implemented in a way that guarantees equal safety for all patients
thus extending this robustness.

Evaluating the mechanisms is difficult. Discussing all aspects would result in unreadable
text that is difficult to interpret. Therefore, the evaluation is very general, where
necessary illustrated with details.

9.1 PID-control

9.1.1 Results

The Kp : K;-ratio equalled that of the Eindhoven prototype. The PI-parameters for a
patient with a gain of 1 are now related to a person with sensitivity of 25
[mmHg/pg/kg/min].

The calculation of the new flow rate was changed in two ways. First a virtual negative
flow is kept in memory when the MAP is below the setpoint and the flow rate infused
is zero. As a result the flow rate changes when the MAP is below the setpoint
disappeared. This avoids MAP oscillations below the setpoint.

Second the I-term flow limitation was separated from the P-term flow limitation.
Otherwise noise that influences the P-term will also influence the I-term. An I-term
limitation prevents integral wind-up. For example at the time of the skin incision the
MAP rises above the setpoint, up to 160 mmHg. During such a period the integral term
causes a huge flow change. This change can be reduced by a flow limitation of the 1
term. No hypotensive periods due to integral wind-up occurred during the tests.
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No P-term limitation was used because it can frustrate the gain adaptation. As a result
sometimes large flow changes appeared due to small transients (figure 9.1). As a result
the controller was more aggressive than in the previous prototype.

9.1.2 Recommendations

Playback of the data shows that a moderate limitation of the P-term does not influence
the gain adaptation. This limitation must function equally for all patients, and separately
from the I-term. Eq.(9.1) shows a possible implementation of the maximal flow change
due to the P-term. Playback of the patient data shows that this limitation reduces
aggressiveness and hardly influence the control adaptation. A more strict limitation of
the P-term can interfere with the gain adaptation mechanism and should be avoided;
The controller reacts slower to a MAP change and unnecessary GainUp or GainDown
adaptation results.

/).. Fp•max = 2 [mmHg] . Kp • gain = [~g/kg/min] (9.1 )

During CPS sodium nitroprusside was infused before the heart and therefore was
delayed by the heart-lung machine before it was spread through the body. As a result,
the time-delay in the patient response changes. A possible solution for this is using two
sets of PI-parameters. One within the bypass and one outside. Another solution is a
different infusion site during CPS.

The regulation and stabilization mode present a way to simply reset the oscillation
detection mechanism. Now, the PID controller and MAP oscillation detection is patient
independent of the patient's characteristics.
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9.2 Transient detection

9.2.1 Results

The transient detection mechanism was basically left unchanged. It resulted in safe and
robust control under all circumstances.

Detection of a transient delays the gain adaptation during at most eight minutes,
because during the detection the expert system overrules the PID-controller and no
reliable decision about the selected gain can be made. To shorten this time some small
changes were made. First short DownTransients are separated from long ones.
Playback of the patient data of the Eindhoven controller shows that transients often
last very briefly and hardly influence the MAP when the transient is over. After a short
DownTransient the MAP is not expected to overshoot the setpoint and normal control
is continued immediately.
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figure 9.2
Short artefact
(12:30).

figure 9.3 Incorrect treatment of a
short down transient (13: 12).

Figure 9.2 shows an example of a short transient detection. The detection of
UpTransients and DownTransients influence each other. As a consequence of an
incomplete implementation the ending of a short DownTransient was sometimes
detected as the start of an UpTransient. In those situations the length of the transient
handling period was not reduced. In figure 9.3 first a short transient is detected (at
13:12). After its ending an UpTransient is detected (13: 13:30).

The time out procedure of an UpTransient was also set to four minutes instead of five.
This never caused any problems.
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9.2.2 Recommendations

The transient handling is one of the key qualities of the controller. It contains much
expertise: various filters and many constraints to MAP variations are incorporated. Its
success is based on the fact that all transients have one thing in common: when they
occur the MAP is fluctuating and, for example because of surgical action, is not stable
enough to decide whether the controller should react or not. The mechanism chooses a
safe and robust way to freeze the flow.

Further improvements to this mechanism may unnecessarily increase complexity.
Maybe some specific transients can be distinguished and their treatment improved.
However, these improvements will probably be of minor importance.

The improvements resulting from the transient mechanism used in Brussels don't
compensate for the increased complexity. After testing their performance, they were
therefore removed again.

One important aspect of blood pressure control is equal safety for all patient categories.
The transient detection uses a filter, SlowFlowSlope (section 5.2), dependent on the
flow rate. As a result the transient detection is more sensitive at low setpoints than at
higher setpoints. This should be solved in the future.

9.3 Gain estimation

The gain estimation was changed in many ways but its general philosophy remains: all
decisions are based on comparing the progress of the MAP within two absolute MAP
values. Important changes are the general gain adaptation, oscillation detection and the
addition of a NoRealisticGain mechanism. In the previous SNP controller, gain
adaptation was sometimes lost due to a badly functioning mechanism. Moreover, the
gain mechanism measures the time the MAP needs to pass certain boundaries. The
limited number of bounds was extended in the Nitroglycerine Controller [Hoeksel,
1993]. Because the GainDown adaptation does not function near the setpoint, an
overshoot detection mechanism was added.

The gain adaptation mechanism chooses one of 9 gain classes, 0 to 8. Figure 9.4 and
Table VI present the gain adaptations of the last 15 operations. The figure shows the
need for adaptive control; the gain used varies between patients widely.

The median of the length of hypertensive periods significantly decreases in time (figure
8.8). This suggests that the adaptation to the patient improves with the length of
automatic control period.
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~ 3 hour

figure 9.4 All gain adaptations during the last 15 clinical tests; each line connects the
gain adaptations of one operation plotted as a function of time of automatic control

Table VI Occurrences of gain adaptation during the last series

GainDown (normal) GainDown (oscillation)

2 7

GainUp (normal) NoRealisticGain

26 14

9.3.1 GainUp adaptation

About one third of the GainUp adaptations were a result of the NoRealisticGain
mechanism. This mechanism was designed to assure a fast flow reduction at severe
hypotension. In practice it is also activated when the MAP remains near the setpoint
and the flow is slowly increasing.
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figure 9.5 Gain up adaptation due to no
realistic gain (12:58) and (13:01).

In figure 9.5 the gain is adapted twice. The flow is slowly rising but the gain is not
adapted by the normal gain adaptation mechanism for the MAP never leaves the 6
mmHg bound which activates the normal gain adaptation mechanism.

9.3.2 GainDown adaptation

It is not very likely that the gain is overestimated but due to transients that can result in
temporary insensitivity, false GainUp adaptations are possible. The tests present two
cases of gain overestimation. In both cases transients initiated a small MAP oscillation.
When these were detected the gain was decreased again.

The normal GainDown mechanism functioned only twice during the last test series.

(1) When the gain is large compared to the patient sensitivity the MAP probably will
not go far from the setpoint. As a result a fast MAP change is likely to enter the
4-mmHg bound that disables the GainDown mechanism.

(2) The GainDown mechanism is disabled for three minutes after GainUp adaptation.
However, a GainDown adaptation after a GainUp adaptation is very well
possible. In the future these should not influence each other.

A GainDown adaptation was approved when the controller supplied a non-zero flow
rate three minutes ago. This successfully avoided false GainDown adaptation when the
pressure was rising fast below the setpoint.

Finally, an overshoot detection mechanism was designed. The mechanism is an
extension to the normal GainDown mechanism. It was never activated for no overshoot
appeared when the pressure had been above the setpoint for some time.
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9.3.3 Oscillation detection

The oscillation detection was activated 7 times during the last test series. The
oscillation detection was changed to be time independent and more sensitive than
before. More false adaptations were expected and therefore the gain is decreased by
one class instead of two at each detection.

Although the oscillation detection was tuned to be more sensitive, only once an
oscillation was detected incorrectly. During two detections the gain was large
compared to the patient sensitivity. Four detections took place during strong MAP
variations not related to any flow change. When the MAP is fluctuating near the
setpoint, a change in the SNP flow is not effective to reduce these fluctuations. These
GainDown adaptations are not necessarily bad decisions.
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o
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figure 9.6 Two successive
artifacts initiate an oscillation.

A high gain showed itself at first when some successive transients initiate an
oscillation. Figure 9.6 presents a period before aortic declamping. At 12:58 a transient
down results in a large flow change. A second small transient at 13:01 maintains the
oscillation that results in a GainDown adaptation at 13:05. A high gain shows itself
more likely in this kind of small oscillations than in MAP changes above or below the
setpoint.
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9.3.4 Conclusions and recommendations

The GainUp adaptation is fast enough to face clinical practice.

The NoRealisticGain mechanism functioned safely and never contributed to an
overestimation of the gain. A successful link between the flow rate and the gain is
made. When the anaesthetist manually regulates the MAP to the setpoint and
automatic control is entered with a large flow rate the controller adapts the gain to a
safe value. For use of this mechanism at setpoints lower than 60 mmHg a new
evaluation might be necessary.

GainDown adaptations are largely performed by the oscillation detection mechanism.
Oscillations are initiated by transients when the controller uses a gain that is two or
more categories too large. The mechanism works accurately enough to decrease the
gain by two classes at once. In rare situations the gain might become very low. This is
acceptable for the NoRealisticGain mechanism avoids this. Moreover, at times of large
pressure fluctuations, changing the SNP flow is not effective and may lead to additional
hyper- and hypotensive periods.

The GainUp mechanism uses a progress measured over a 7-sample period. Possibly this
period can be enlarged. This could increase the accuracy of the decisions about
GainDown adaptation. At the time of a GainDown adaptation the flow rate is possibly
far from its optimum, because the large gain was used at least during the previous
three minutes. A somewhat longer delay in the gain adaptation will probably not
influence the robustness of the controller.

The normal GainDown mechanism does not function fast enough to avoid pressure
oscillations with an amplitude up to 10 mmHg. The overshoot mechanism does not
annul this. To decrease the complexity, the overshoot and GainDown mechanism
should be replaced by a new one. This mechanism should incorporate MAP changes
near the setpoint. A MAP change is not measured relatively to the setpoint but just as a
difference between two MAPs in time. The maximal pressure change remains a
function of the distance to the setpoint and can be tabulated in the same manner as in
the old mechanism.
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9.4 MAP validation

The MAP validation is the only mechanism that was not changed. No unnecessary
change to manual occurred. During surgery blood is often extracted from the patient.
During a 4-minute period the sensor is disconnected by turning a switch and the blood
flows out through the sensor line. The normal response of the controller would be a
switch to manual control within one minute of disconnection. Figure 9.8 shows such a
correct disconnection of the sensor. At 15: 54:41 the sensor is connected again. During
several of these blood samples the sensor was not properly disconnected. Then the
blood pressure arrived at the sensor changed and cannot be distinguished from normal
pressure measurement. Figure 9.7 shows two correctly validated MAP-periods during
such a bad sensor disconnection during a blood sample (17:53 and 17:55). The
problem cannot be avoided by improving the MAP validation because the signal arriving
at the sensor is identical to a normal pressure curve plus an offset. Figure 9.9 shows an
improperly disconnected sensor that is connected again at 16:28:01, but with a
reduced amplitude.
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figure 9.7 Faulty MAP validation during a blood retrieval.
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figure 9.8 The measured arterial pressure when the sensor is disconnected correctly.
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figure 9.9 The sensor line is improperly disconnected. As a result the signal equalling
an arterial pressure plus an offset appears on the monitor. The amplitude of the
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10 Conclusions & recommendations

10.1 Conclusions

Control of the arterial pressure during cardiac surgery is a complex problem. Aggressive
control is required to achieve specific step-response characteristics. However, cardiac
surgery presents many different disturbances that call for conservative control. The
controller was used as in normal clinical practice. Supplying the maximal safe flow rate
(12 lpg/kg/min]) and the maximal safe dose (1.5 [mg/kg)) was allowed. These values
limit the toxity of sodium nitroprusside sufficiently. Once again supervisory blood
pressure control showed to provide clinically acceptable regulation of the arterial
pressure. The clinical tests present new hypotheses for the patient response to sodium
nitroprusside. The data suggests a significant change in dynamic response and
sensitivity due to hypothermia and the cardiopulmonary bypass.

Fast fluctuations in the MAP were detected and treated correctly. As a result control
remained robust to transients in the MAP. The controller regulates the pressure to the
setpoint within a 10 minute period, causes no severe hyper- or hypotension. In contrast
to nitroglycerine, nitroprusside is effective during the CPB period [Hoeksel, 1993].

Automated blood pressure control research started in the 50's and 60's. Recently
convincing evidence showed that automatic control after cardiac surgery in the ICU
improves patient care: it reduces the amount of blood infused, the number of infections
and the number of cases of post surgical bleeding. Moreover, it is economically
interesting: shorter stay in the recovery room and ICU, a reduction of the amount of
blood infused and less time spent on controlling the MAP by nursing staff [Chitwood,
1992J.

MAP control during cardiac surgery with nitroprusside is a more recent development
([Martin, 1987, Martin, 1992A/BJ, and the tests with this controller in Eindhoven,
Maastricht and Brussels). Although all tests suggest that automatic pressure control
can be successfully used in clinical practice, final evidence should come from a
multicenter use of both manual and automated pressure control. The anaesthetists in
Brussels see a future for automated blood pressure control in anaesthesia. First to be a
tool in normal clinical practice and second to create a more constant test environment
for better measurement during anaesthesia.

Cardiac surgery is probably the most difficult environment for controlling the arterial
pressure. Nevertheless, the controller must be introduced to other type of surgery with
care: the Brussels tests show that the patient response to sodium nitroprusside
changes depending on the operating circumstances. Different patient temperature, low
setpoints and different other drugs possibly influence both the patient sensitivity and
dynamic response to SNP.
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10.2 Recommendations

PID-control

The PID-controller was changed in several ways. Oscillation of the MAP is avoided by
calculating a virtual negative flow rate when the real flow is zero and the MAP is below
the setpoint. As a result the controller reacted less aggressively to fast MAP fluctuation
below the setpoint. The flow change limitation was divided into two parts. l:iF;,max' that
is introduced to avoid integral wind up, and l:iFp,max' that avoids overreaction to MAP
fluctuations in case of transients. All limitations are made independent of the gain, the
setpoint and the flow to achieve an equal safety for all categories of patients.
The controller distinguishes a stabilizing and a regulating mode. During stabilizing the
flow is expected to be near its optimum. Kj is lowered during stabilizing mode to
reduce unnecessary fluctuations in the flow rate. Moreover, in stabilizing mode the
MAP is expected not to oscillate and therefore the MAP oscillation mechanism is reset.

Gain adaptation

The general gain adaptation mechanism was changed according to [Hoeksel, 1993J. An
overshoot mechanism was added to improve the GainDown mechanism when the
controller is near the setpoint.
The oscillation detection mechanism was changed to be dependent on the oscillating
period of the MAP instead of absolute time.

The adaptation in general functioned correctly. During all operations with a patient that
needed a significant amount of SNP the gain was increased. The controller is very well
capable to control the pressure within the 5-mmHg bound around the setpoint within a
10 minute period after a setpoint change. During the bypass-period the delay time in
the patient response was up to 45 seconds longer than before and after the bypass. As
a result a GainUp adaptation based on a 30-sample period becomes less accurate. This
can result in a false GainUp adaptation (Appendix B). This problem can be solved either
by extending the adaptation window to 42-samples or changing the infusion side.
When SNP is infused in the output line of the heart-lung machine, the delay in the
patient response is reduced by 45 seconds.

When the gain is large compared to the patient sensitivity, it is more likely that small
MAP oscillations arise than that overshoot or fast pressure fluctuations occur. The
oscillation detection mechanism was able to lower the gain in all cases. The oscillation
detection mechanism is accurate enough to decrease the gain by two classes instead of
one.

The GainDown adaptation can be improved and simplified by replacing the overshoot
and general GainDown mechanisms by a new mechanism. This mechanism should also
detect fast MAP changes near the setpoint. A MAP change is not measured relative to
the setpoint but just as a difference between two MAPs in time. The maximal pressure
change remains a function of the distance to the setpoint and can be tabulated in the
same manner as in the old mechanism [Hoeksel, 1993].
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In the Eindhoven-prototype sometimes a gain was selected which was far too low
compared to the actual sensitivity of the patient response to SNP. A NoRealisticGain
mechanism was successfully introduced. It guarantees a lower limit for the gain. As a
result the gain was always large enough to avoid hypotensive periods due to a large
flow after a hypertensive period.

Transient handling

Transient handling is one of the key qualities of the controller. Again, the mechanism
proved to be robust during all tests.

The mechanism was changed in two ways. The transient handling was shortened to
reduce the delay in the gain adaptation caused by a transient detection. Secondly the
effect of overshoot and undershoot of the MAP due to the temporary low flow rate
during the handling of a DownTransient was reduced by allowing the controller to vary
the pressure below the pre-transient flow.

Improving the mechanism gave minor results, partly due to an incorrect
implementation, partly due to difficulties in data analysis. After testing their
performance, they were removed again.
Maybe some specific transients can be distinguished and the way they are handled
improved. However, these improvements will be of minor importance and may increase
the complexity of the mechanism too much.
An ideal controller is equally robust for all categories of patients. The mechanism that
enables the transient detection is dependent on the patient sensitivity and, moreover,
on the actual hypertension. This part may need to be improved.

MAP validation

The validation mechanism was not changed. Sometimes when blood was taken through
the sensor line the connection between the monitor and the sensor was not completely
broken. As a result the pressure signal was coming through as the original arterial
pressure signal plus an offset of up to 100 mmHg. This resulted in validation of invalid
pressure signals. This, in turn, resulted in unnecessary flow variation and false transient
detections. This problem is difficult to solve because the measured curve is similar to a
real pressure. However, the problem should be solved, either by a change in the arterial
pressure validation algorithm in a better or a safety procedure that reduces the
appearance of this phenomenon in clinical practice. For example, using the same sensor
and connection during all operations where the controller is involved and sample blood
through a different access.
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Appendix A: Response to Sodium Nitroprusside

The patient's response to sodium nitroprusside is complicated. It dilates the small
arterioles but also influences the baroreceptor action. The blood-volume in the heart
lung machine is a measure of the extra volume in the arterial system and thus of the
dilation of the vasodilator. Figure A.1 A and figure A.1 B show a difference between the
MAP and Volume-in-machine response to a bolus of SNP. The plots suggest that the
enlargement of the volume in the arterial system lasts longer than the decrease of the
mean arterial pressure due to SNP.

5

g.
,2 -2C
U

PL
SNP

NTG

PA

o 2 3 4 5

(A) Map response
6 7
nm!l(min)

--l--l NTG

ANF
PA
PL

A_-o-,(") SNP

200

~ 100

~
~ ol-:=i~~~~s::~k~:::::=V
.S
o
2: -100
31
I!
.;; -200

~
<5 -300

o 2345 e 7
Time (min)

(B) Volume response

figure A.1 (A) shows changes of the arterial pressure after a bolus of Sodium
Nitroprusside (SNP) and Nitroglycerin (NTG) in a patient undergoing hypothermic
cardiopulmonary bypass. (8) shows changes in reservoir volume [Harjula, 19891.
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Appendix B: Delay time during Cardiopulmonary Bypass

Sodium Nitroprusside affects the baroreceptors and dilates the smaller arterioles
(Appendix A). The anaesthetist' wanted to know whether the SNP consumption in a
patient changes as function of the body temperature. This can be done by varying the
blood temperature with the heart-lung machine.

Lowering the blood temperature

The anaesthetist lowered the body temperature at 12:36:30 from 27.5 to 23.5
degrees. The MAP starts to decrease immediately. The controller reacts with a flow
rate decrease. At this moment the gain is 3 belonging to a patient with sensitivity of
8.333 (the estimated sensitivity of this patient is 6 mmHg/pg/kg/min).
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figure B.1 Decrease of the body temperature at
12:36:30. GainUp adaptation to a gain of 9 at
12:46:20.

The response to SNP has a large delay and at 12:46:20 the gain is unnecessarily
adapted to 9 belonging to a patient with sensitivity 2.8. The MAP starts to oscillate
and the controller decreases the gain back to 3 after two successive oscillation
detections. The controller again increases the gain under equal circumstances. Although
the controller contributes to the maintenance of a MAP oscillation with an amplitude of
nearly 10 mmHg the anaesthetist did not stop automatic control.

, Dr.Luc Barvais
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Conclusions

Due to the temperature decrease the SNP consumption did not change significantly.
However, the data suggests that after lowering the body temperature the delay in the
response to an infusion of SNP increases.

(1) The temperature is lowered with about four degrees to 23.5 degrees celsius.
(2) Medical information; the patient is male, weight 62, age 58. Multiple valve

operation, mitral valve and other non-aortic valve. The patient had a very large
swollen heart, as a result the volume in the heart-lung machine was larger than
normal. Anaesthesia was difficult.

(3) The patient data show a sensitivity of 6 [mmHgpg/kg/minl and a delay time up
to 100 seconds. The maximal gain used was 9, belonging to a patient with
sensitivity 2.8 mmHg.

These facts suggest that the controller should be adapted to meet the characteristics of
this case:

(1) With a delay time of 100 seconds or more the gain can be overestimated. Then
the adaptation window of 30 samples is too short because no significant MAP
change appears within this window and adaptation becomes less accurate. An
enlargement of the window to 42 samples (used in the Eindhoven controller) will
probably be adequate.

(2) During Cardiopulmonary Bypass, the delay time is significantly larger than
normal. Possibly this is a result of hypothermia, extra volume or other
circumstances in cardiac surgery. We can use a different set of PI-parameters
during the bypass. These can correct for both the decreased sensitivity to
nitroprusside (probably a factor 2 to 3) and the larger delay time during the
bypass.
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