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Abstract - This paper describes an intelligent control sys
tem architecture for the control of patient-ventilator syn
chrony. The long-term objective of the research is to de
velop an innovative intelligent system for controlling the 
process of mechanical ventilatory support for patients 
undergoing therapy in a hospital intensive care unit 
(ICU). The initial work focuses on the requirements for a 
medical-advisory/decision-support system. The hierarchi
cal structure of the system is organized around three 
main processing levels, a Sensing/Perception Level, a 
Planning/Coordination Level, and a Supervision/Control 
Level. Using measured data from the patient, heuristics 
gleaned from experienced clinicians, and intelligent 
planning and control principles, the overall system is ex
pected to provide significant improvements in the quality 
of care given to patients needing such therapy. 

I. INTRODUCTION

Mechanical ventilation is the process whereby a machine 
is used to provide artificial support to the respiratory system 

of critically ill patients experiencing respiratory failure [ 1 J. 

There are many medical reasons why a patient may need 
such therapy, including respiratory diseases such as emphy
sema and bronchitis, and paralysis of the muscles involved 
in breathing resulting from anesthesia or head injury, where 
the nerves controlling breathing may he impaired. The pa
tient is usually placed in the Intensive Care Unit (ICU) of a 
hospital or clinic, where they are coupled to a ventilator 
through an endotracheal tube connected through the mouth 
to the trachea (windpipe), thus facilitating the flow of gases 
(air, or pure oxygen) to the lungs. The primary therapeutic 
goal of ventilator therapy is to reduce the work that the pa
tient performs in breathing, while also ensuring that an ade
quate amount of oxygen is taken in during inspiration, and 

proper levels of carbon dioxide are eliminated during expi
ration. The ventilator may be set to provide full support in 
cases where the patient does not initiate any breaths (i.e. 
there is no spontaneous breathing on the part of the patient), 
or it may be set to provide partial support, in which case 
some or all the breaths deliv,�red by the machine are trig
gered by the patient's inspiratory efforts. Partial support al
lows the patient to receive a breath when needed and reduces 
the work that the patient performs in breathing. 

The ventilator delivers a number of breaths per minute 
(respiratory rate. RR). For each breath gas is delivered to the 
patient during an inspiratory phase. The patient passively 
exhales during an expiratory phase. The inspiratory
expiratory time ratio (I:E ratio) is the ratio of the duration of 
the inspiratory phase to that of the expiratory phase. The 
tidal volume is the volume of gas delivered to a patient dur
ing the inspiratory phase. In a typical partial support situa
tion, the tidal volume is initially set based on patient char
acteristics, and a constant inspiratory flow is set to a value 
which keeps the resulting peak airway pressure from ex
ceeding safe limits. The resulting inspiratory time would be 
the tidal volume divided by the inspiratory flow. After the 
inspiratory phase, the patient exhales. In partial support, tht: 
next inspiratory phase would typically be triggered by a 
small negative excursion of the airway pressure resulting 
from the effort of the patient to inhale. 

The medical condition of critically ill patients can change 
quite rapidly and suddenly, requiring that clinical personnel 
with a high degree of expertise and experience provide close 
monitoring of the patient, and be ready to take corrective ac
tion as needed to ensure adequate ventilator support, patient 
safety, and optimal therapy. Spontaneous breathing efforts 
made by the patient may not coincide with the breaths deliv
ered by the ventilator. "Patient-ventilator dysynchrony" re
fers to situations where the settings on the ventilator do not 
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correctly match the respiratory needs of the patient. If the 
clinical staff is not vigilant enough to detect such events, and 
take the appropriate corrective action, the patient can suffer 
considerably. In practice, it is both difficult and expensive 
for hospitals to provide personnel with the necessary experi- 
ence and expertise at the patient’s bedside, resulting in less 
than ideal conditions for the patient. 

Events associated with patient-ventilator dysynchrony can 
often be detected by examination of the respiratory wave- 
forms that are displayed on modern ventilators. Fig. 1 shows 
computer simulations of the typical appearance of these 
waveforms during normal respiration. Dysynchronous events 
in the ventilation process are characterized by the presence 
of various types of alterations in the normal waveshapes. 
Corrective action entails incremental adjustment of the ven- 
tilator to alleviate the problem. 

There are numerous possibilities for what combinations of 
mismatches between ventilator settings and patient needs 
might trigger a dysynchronous event. For the purpose of this 
system development focus will be placed on four types of 
events associated with use of the ventilator providing partial 
support. These are Tidal Volume Too High, Tidal Volume 
Too Low, Inspiratory Flow Too High and Inspiratory Flow 
Too Low. 

If, for example, a patient who is able to initiate some 
breaths is put on a ventilator for support, but with the tidal 
volume setting on the ventilator too low, the patient might 
try to breathe in for a longer period than the machine deliv- 
ers gas. As a result, when the machine stops delivering gas 
to allow for exhalation the patient will be still trying to in- 
hale and a “fight” between the patient and the machine will 
ensue. This “fighting the ventilator” condition is a dysyn- 
chronous event, and appears as a series of transient oscilla- 
tions in the decay portion of the pressure-time and volume- 
time curves, and as stair-step changes in the decay portion of 
the tlow-time curve. The other dysynchronous events are 
manifested in  a variety of ways. 

Control Reqiiirenierits 

Based on the perceived condition [2-31 of the patient, the 
clinician relies heavily on the use of heuristics (clinical 
“rules of thumb”) to know when, and in  what way, to adjust 
the ventilator. The patient’s vital signs, physical appearance, 
and information from the ventilator waveforms are all useful 
in the clinician’s determination of patient-state. The rela- 
tionship between the patient’s perceived medical state and 
the desirable ventilator settings is, however, nonlinear. The 
ventilation process to be controlled is also subject to many 
uncertainties, a high degree of complexity, coupled with 
many parameter and state variations over time. Some aspects 
of the process are not easily described by mathematical mod- 
els. 
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Fig. 1: Simulated ventilator waveforms (A - pressure, B - volume, and C - 
flow) for three breaths with good patient-ventilator synchrony. Ventilator 
parameters are: respiratory rate (RR), 14 breaths per minute (BPM), inspira- 
toryexpiratory time ratio (]:E ratio), 0.5, and tidal volume, 0.7 Liters. 
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These factors make i t  very difficult, if not impossible, to 
properly control many aspects of the process using classical 
and modern control techniques. Intelligent control offers 
great promise for solving various aspects of these difficult 
control problems. Reports of intelligent control applications 
in mechanical ventilation are sparse, but almost all such 
schemes use some kind of rule base to facilitate the inclusion 
of the expert knowledge and heuristics of the clinician in 
control algorithms. Fuzzy logic, neural networks, genetic 
algorithms, and signal processing techniques, used in vari- 
ous combinations, may be employed to mimic the complex 
decision-making processes of humans [4-111. 

Patient-ventilator dysynchrony resulting from improper 
ventilator settings produces airway pressure events that will 
be detected and used as feedback signals in the new control 
system. In situations where ventilator adjustments are 
needed, an algorithm will automatically suggest needed ad- 
justments in the ventilator settings for respiratory rate, inspi- 
ratory flow, inspirat0ry:expiratory (1:E) time ratio, and lidal 
volume to achieve optimal patient-ventilator synchrony and, 
hence, minimal patient work of breathing. Since the detec- 
tion of dysynchronous events does not provide much infor- 
mation about what magnitude of ventilator adjustment is 
needed, the control algorithms must be designed to make 
gradual adjustments to match the needs of the patient. This 
approach could allow changes in the patient’s physiological 
status to be determined by tracking parameter changes in a 
model of the patient’s respiratory system mechanics, such 
that necessary ventilator adjustments will be anticipated and 
made early, instead of waiting until the patient develops se- 
rious dysynchrony or complications from inadequate venti- 
lation. Ventilator adjustments will be constrained to accom- 
modate the range of inspiratory flows that can be delivered 
by the ventilator, maximum airway pressure, maximum tidal 
volume, and a minimum I:E time ratio. 

This paper presents the basic architecture of an intelligent 
control system intended for use in the control of patient- 
ventilator synchrony. The initial development is focused on a 
medical-advisory/decision-support system. It is possible that 
this system may later be extended to carry out closed-loop 
control of some aspects of the ventilation process. The sys- 
tem architecture i s  designed to allow testing of various con- 
trol algorithms as they are developed, and to fit within the 
structure of an intelligent control hierarchy that allows inter- 
active communication with the expert clinician. Fig. 2 shows 
a simplified block diagram of the overall control scheme. 

11. INTELLIGENT CONTROL ARCHITECTURE 

The control architecture chosen for this development 
serves mainly as a framework for the detailed design of vari- 
ous subsystems, and in no way dictates the implementation 
technologies to be used. It has been found that this level of 
abstraction (a macroscopic view) is very useful in identifying 
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Fig. 2: Simplified overall system diagram for intelligent control of the ventila- 
tion process using a medical-advisory/decision support scheme. 

the various functions to be performed and their interrelation- 
ships. This approach has allowed development of the lower 
level processing details to advance, and some details of this 
part of the system will be outlined later in this paper. 

The overall architecture of the system is based on a three 
level hierarchy. It has been shown in [12-141 that a hierar- 
chical structure readily lends itself to partitioning of proc- 
essing responsibilities, such that events requiring fast re- 
sponse can be catered to, while also allowing for more long 
term planning and forecasting activities to be accommo- 
dated. The design allows future subsystem developments to 
be easily incorporated into the larger system. 

Fig. 3 shows the overall structure of the control system 
and its three levels. The SensingFerception level is respon- 
sible for receiving signals frolm the ventilation process and 
“making sense” of them. The lPlanning/Coordination level is 
responsible for formulating plans of action to control the 
ventilation process as well as coordinating the processing of 

SupervisiorJControl 

PlanninglCoordination ++ SensinglPe rcepti on 

Fig. 3: Hierarchical structure of the control system, showing the three main 
processing levels. 

48 



higher-level control directives relative to perceived process 
states that might require immediate action, necessitating 
suspension or modification of higher level directives. The 
Supervision/Control level provides expert reasoning, high- 
level directives, process optimization, and an operator inter- 
face that allows therapeutic goals to be entered by the clini- 
cian. 

Bi-directional communication lines shown between the 
three levels indicate data sharing. At the lowest level the 
data take the form of physiological signals from the patient. 
The Sensingperception level essentially transforms the pro- 
cess signals into a perceived situation recognition. 

At the Planning/Coordination level a further transforma- 
tion takes place producing a specific plan of action to be 
taken in response to the recognized situation. In the context 
of ventilation actions represent the settings to be used on the 
ventilator, or the generation of alarms. The plans are passed 
on to the Supervision/Control level for evaluation relative to 
the therapeutic goals set by the clinician, as well as with re- 
spect to trend information gathered over the course of the 
therapy process. The coordination aspect of this level man- 
ages the sequencing of control actions taken. If a recognized 
situation requires immediate action (an autonomous re- 
sponse) the plan may have to be executed directly (through 
the coordinator), bypassing the normal supervisionkontrol 
level evaluation process, which may introduce too long a 
processing delay. The Supervision/Control block evaluates 
plans generated by the Planning/Coordination level, consid- 
ering clinician-set goals, process trends, and optimization 
criteria. 

The representational form of the process data changes as 
the system hierarchy is traversed from bottom to top. At the 
lowest level data items are in the form of precise measured 
values. At the mid-level data values from the lower level 
have become associated with a process state that is more lin- 
guistic and imprecise, or fuzzy, in its representation, e.g. 
“too high”, or “too low”. The fuzzy references are passed on 
to the highest level where the clinician can interpret such 
characterizations and upon which a (fuzzy) controller can 
make decisions as to control settings. 

Fig. 4 shows further details of the Sensing/Perception 
level of the system, with an emphasis on the flow of input 
data and their processing. After the various signals are 
sensed and appropriately conditioned, they are passed to the 
perception level. Perception involves analyzing sensed sig- 
nals in order to determine if they represent normal or dysyn- 
chronous conditions. Various techniques are under consid- 
eration for carrying out the perceptive tasks, including pat- 
tern recognition, neural networks, fuzzy logic, genetic algo- 
rithms, and signal processing. No single method may be 
adequate to fully and reliably identify a given type of dysyn- 
chronous event, and so several of these methods may have to 
be used. An Arbitrator section will judge the findings of the 

perception sections and make a decision on the most prob- 
able result. 

111. SUMMARY 

Control of patient-ventilator synchrony is complicated by 
the presence of nonlinearities, uncertainties, the need to bal- 
ance conflicting requirements, and the lack of direct meas- 
urements of the variables to be controlled. Intelligent control 
methods offer considerable promise for controlling such 
processes, mainly by their ability to mimic the complex deci- 
sion-making processes of experts in  the problem domain. 

This paper has outlined the basic features of an intelligent 
control architecture that is being used to develop a controller 
for patient-ventilator synchrony. Processing requirements at 
various levels of the hierarchical system structure have been 
presented. The system is initially intended to function in a 
medical-advisory/decision-support role to aid clinical staff 
involved with ventilator therapy of ICU patients. 

It is currently very costly for hospitals to provide adequate 
numbers of clinical staff with the necessary expertise and 
experience to detect and correct dysynchronous events dur- 
ing ventilation, thus ensuring that patients are given optimal 
therapy. Successful implementation of the intelligent control 
system described promises to greatly improve the level and 
quality of care that can be given to ICU ventilator patients. 
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Fig. 4: Detailed view of the Sensing/Perception block. 

49 



IV. REFERENCES 

[ I ]  F. Lemaire, Mechanical Ventilation, Translation of “La ven- 
tilation artficielle,” 2nd ed., Paris: Masson, Editeur, 1991, 

[2] D. R. Hess and R. M. Kacmarek, Essentials of Mechanical 
Ventilation, New York: McGraw-Hill, 1996. 

[3] A. Perel and M. C. Stock, Handbook of Mechanical Veritila- 
t o q  Support. Baltimore, MD: Williams & Wilkins, 1992. 

[9] Y .  Sun, 1. Kohane, and A. R. Stark, “Fuzzy logic assisted con- 
trol of inspired oxygen in ventilated newborn infants,” i n  
Proc. Annu. Svmnp. Conzput. Appl. Med. Care, 1994, pp. 756- 
761. 

[IO] D.S. Nelson, “Fuzzy control for management of respiratory 
rate in assist-control mechanical ventilation”, M.S. Thesis, 
The UniversiQl of Alabanw at Birmingham, 1996. 

[4] M. Dojat, N. Ramaux, and D. Fontaine, “Scenario recognition 
i n  medical domains”, Artificial Intelligence in Medicine, vol. 
14, 1998, pp. 139-155. 

[5] M. Dojat, L. Brochard, F. Lemaire, A. Hart, “A knowledge- 
based system for assisted ventilation of patients i n  intensive 
care units”, Int. J. Clin. Monitoring and Coin]iuting, vol. 9, 
1992, pp. 239-250. 

[ I  I ]  D.S. Nelson, J.H. Strickland, and T.C. Jannett, “Simulation of 
fuzzy control for management of respiratory rate in assist- 
control mechanical ventilation”, in Proceedings ofthe 19‘”An- 
nual International Conference of the IEEE Engineering in 
Medicine and Biology Societv 1997, pp. 1 104-1 107. 

[ 121 J .  S. Albus, “Outline for a theory of intelligence,” IEEE Trans. 
Syst., Man, Cybernetics, vol. 21, no. 3, 1991, pp. 473-509. 

I61 T. P. Laubscher, w. Heinrichs, N. Weiler, G. Hartmann, and 
J .  X. Brunner, “An adaptive lung ventilation controller,” IEEE 

[13] P. J .  Antsaklis, and K. M. Passino, An Introduction to Intelli- 
gent and Autonornous Control, KIuwer Academic Publishers: 
1993. Trans. Bionzed. Eng., vol. 4 I ,  1994, pp. 5 1-59. 

[7] M. Noshiro, T. Matsunami, K. Takakuda, S. Ryumae, T. Ka- 
gawa, M. Shimizu, and T. Fujino, “Fuzzy and conventional 
control of high-frequency ventilation,” Med. Biol. Eng. Corn- 
put., vol. 32, no. 4, 1994, pp. 377-383. 

[I41 K. P. Valavanis and G. N. Saridis, “A review of intelligent 
control based methodologies for modeling and analysis of hi- 
erarchically intelligent systt:ms”, in Proceedings q f  the 5”’ 
IEEE International Syrnposiirrii on Intelligent Control 1990, 
vol. I ,  pp. 15-19. 

[8] D. F. Sittig, R. M. Gardner, A. H. Morris. and C .  J .  
Wallace. “Clinical evaluation of computer-based respiratory 
care algorithms,” Int. J.  Clin. Monitoring and Cornputing, vol. 
7, no. 3, 1990, pp. 177-85. 

50 


