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Adaptive Control of Respiration to Deal with
Differences in Individual Characteristics

Hidetoshi WAKAMATSU and Kenji TAKAHARA*

ABSTRACT

Clinical technology for coping with differences in individuals is discussed on the basis of
adaptive control theory, taking into account the automatic control of alveolar CO.-concentration
in both controlled- and assisted-respiration. An experimental system is proposed which consists
of a newly developed respirator and controlling and measuring devices. The control system
requires safe and accurate operation under different experimental contitions of controlled- and
assisted-respiration depending on patterns of ventilatory rhythms. In order to satisfy both
requirements, a control system is designed on the basis of an adaptive pole assignment method,
which is capable of compensating for characteristic and environmental changes in the con-
trolled object. It yields, thus, a stable control of alveolar CO:-concentration dealing with equip-
ment problems and mainly with the different characteristics of the respiratory regulation system
inclusive of its individual differences such as nonlinearity and chronic change. From clinical
experiments on healthy subjects, the control system is confirmed to maintain a given desired
alveolar CO--concentration with assurance of its clinical safety. This kind of adaptive control is
confirmed to lead to a useful concept and method for the control of organic function on the

basis of its less exact recognition because of its time-varying and ambiguous characteristics.
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1. INTRODUCTION

Proper ventilation and gas-exchange in respiration
is essential in order to maintain the internal biochemi-
cal environment of organisms. In cases of malfunction
of ventilation, artificial respiration is known as the
most effective method for the maintenance of life. Var-

ious studies on artificial respiration have been con-
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ducted along with the progress of pathologic physiolo-
gy of the respiratory and circulatory systems.”
Automatic control for artificial respiration is classi-
fied into two categories, (a) automatic realization of
various ventilatory patterns inclusive of the studies of
flow patterns, pressure of gases given by a respirator
and/or assisted-respiration” and (b) control of the re-
spiratory function i.e. automatic control of CO: partial
pressure in arterial blood or alveolar CO:-concentra-
tion. Various methods have been proposed,”” since it
was tried to maintain a constant level of alveolar CO=-

concentration.” However, most methods for automatic
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control of alveolar CO:-concentration have not always
been clinically available because the characteristics of
the respiratory regulation system depend on differ-
ences in individuals, and due to its nonlinearity and
chronic change. This is why not only respiratory regu-
lation systems but also organic systems in general are
not easy to control in their stable state. Thus, it is of
primary importance to solve these problems.

In recent years, however, control of artificial respi-
ration has been attempted with healthy subjects in
rest, resulting in satisfactory control of alveolar CO.-
concentration.”" In the present study, a control sys-
tem based on the adaptive pole assignment method is
applied to the clinically basic control of alveolar CO--
concentration both in controlled and assisted respira-
tion. The necessity of an adaptive method is described,
which is effective for its control from the systematic
comprehension of an ambiguous respiratory regula-
tion system. Physiological effects of the proposed sys-
tem using a programmable respirator newly developed
for the present study are explained on the basis of
clinical experiments of the control of alveolar CO.-

concentration under different conditions.

2. DIFFICULTY IN DESCRIPTION AND MANIP-
ULATION OF THE RESPIRATORY
REGULATION SYSTEM

2.1 Difficulty in modeling of the respiratory
system

It is generally necessary for the control of organic
functions to have their description by some mathemat-
ical model.”™ Many models relating to respiratory
rhythm and blood flow have been proposed. Neverthe-
less, no satisfactory models have been proposed repre-
senting nonlinearity and chronic change of its charac-
teristics and individual differences, which are peculiar
to organisms. For the maintenance of partial pressure
of CO: (PaCO:) and O: (Pa0:) in arterial blood within
proper ranges of values, physiological controllers per-
form natural appropriate ventilation. They rely on the
activation of the diaphragm and intercostal muscles,
which are driven by orders of the pons and medulla
oblongata with feedback signals from the sensors of

the aortic and carotid bodies during their inappropri-
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ate pressures. It is remarked that the characteristic
change of ventilation rate is affected by differences in
PaCO: and PaO:, and that the transportation of CO:
and O: is affected by the blood flow depending on
metabolic rate change and their dissociation curves.
Nonlinear characteristics can be seen in both dissocia-
tion curves that are modified by physiological state
depending on pH, PaCO., body temperature and 2,3-
diphosphoglycerate. It is, thus, not easy to seize the
accurate dynamic characteristics of such an ambigu-
ous respiratory regulation system.

2.2 Possibility to activate the respiratory sys-

tem

The respiratory control function is forced to work
according to the control law generated from the con-
troller under artificial respiration, although it would
work depending on the physiological control law char-
acterized essentially by CO:xconcentration and occa-
sionally by O:-concentration when O.-concentration
sinks to an extremely low level.” It is here proposed
to design a generally applicable and effective control
system which activates the whole respiratory function
for the realization of a proper level of PaCO: or alveo-
lar CO--concentration.

Figure 1 is an illustration of the natural control sys-
tem of respiration. The system is a complete one
including self-controlled subsystems in which there
must be a restriction to choose the possible method of
control. Thus, it can be said that the whole gas-
exchange system is inclined to be insufficiently con-

trolled by only inadequate ventilation according to
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conventional methods. A respiratory system is in gen-
eral much dependent on the total volume of alveoli,
equivalent volume of body tissue and blood flow rate,
which are individually different and difficult to esti-
mate exactly. In addition, there exist numerous
unknown factors affecting its dynamics. Thus, the nec-
essary information for the synthesis of control systems
cannot be obtained beforehand, because the exact
physiological function cannot be known in any case.
That is, it is practically not possible to design a control
system for all patients with their own environments, as
there always exist difficulties in the synthesis of the
control system by conventional methods, which
requires sufficient knowledge about the structure of
controlled systems and their parameters. In other
words, there are substantial theoretical difficulties of
facilities resulting from imperfect recognition. Such
problem, however, must be solved by some method, if
organic functions are really to be controlled clinically.
Hence, a suitable control method of the respiratory
regulation system, including its appropriate descrip-
tion, has been strongly required for the robust control
of CO:-concentration. However, no appropriate meth-
ods have been proposed, which can deal with such dif-
ficulties, except for fuzzy and adaptive control meth-
ods."" In fact, insufficient recognition of the controlled
systems, including even complicated characteristics of
the experimental equipment, are of no concern, so
long as an adaptive control method is applied, which is
significant in the present situation because of the non-
explicit parameter estimation.

2.3 Sampling difficulty in the control system

of respiration

In order to realize flexible algorithms, the dynamics
of a discrete-time system is usually described at every
sampling time with a constant sampling interval. That
is, the control system is designed on the basis of its
observed dynamics in every regular sampling interval.
Hence, conventional control methods are not suitable
for systems with nonlinear characteristics as well as

individual differences and chronically different charac-

*Fuzzy control is not for time-varying system, although some
system deviation can be absorbed by verbal description and
membership funetion.

teristics, because they are only applicable to cases in
which the parameters of individual patients are remain
unchanged. By the way, they are not considered inap-
propriate in the case of controlled-respiration, usually
for unconscious patients lying on a bed, as an appro-
priate sampling interval can be arbitrarily determined
according to the frequency of ventilation. However, in
the case of assisted-respiration depending on a
patient’s own respiratory rhythm, there may always be
disagreements between the respiratory end-tidal tim-
ing and the controlling time of ventilation in a constant
sampling interval. The sampling interval must be syn-
chronized with the respiratory rhythm because the
dynamic characteristics at a new sampling time are
recognized as different from those at the previous
sampling time. That is, the characteristics of a con-
trolled object are differently recognized in every differ-
ent sampling interval, even if the actual characteristics
remain unchanged. Consequently, in the case of assist-
ed-respiration with variable different respiratory
rhythm, it becomes much more difficult to design a
control system, because of the difficulty in its descrip-

tion by a conventional discrete-time representation."”
3. INSTRUMENTATION AND METHODS

3.1 Technological assumption coping with
ambiguous knowledge about the respira-
tory regulation system

It is noted that knowledge about a respiratory sys-

tem is not particularly required for the design of an
adaptive control system. It is capable of so-called
absorption of the effects of chronic changes and indi-
vidual differences in the respiratory system and envi-
ronmental changes inclusive of the experimental
equipment, which may be fatal to the patient. Hence,
the control system of respiration is designed only on
the assumption of its description by an appropriate
mathematical model that may represent the essential
characteristics of the respiratory system including the
characteristics of the experimental equipment as fol-
lows":
[1] The dynamics of a respiratory system are assumed
to be characterized by the relation of input (ventila-

tion rate) and output (alveolar CO:-concentration).
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