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ABSTRACT

Adequate tissue oxygenation can be impaired in nédnat@s ‘who have under-del/eloped lungs.
Systemic arterial blood okygen saturation (SaQ,) is an indicator of tissue oxygenation and its
low level can result in tissu:: damage’ associated with hypoxemia. Retinopathy of ;irematurity
and bronchopulmonary dysplasia are diseases associated with exposure to high inspired oxygen
levels. Oxygen thf:rapy is the administration of an-air/oxygen gas mixture in an effort to'

¥

regulate é;;ccrial oxygen levels and thus control tissue oxygenation. The blood oxygen

~— ¥

. saturatf%ﬁ lévél froma pulse oxirne”fér, SpO,, indicates Sa0, and an automatic SpO, controller
=% . . ) .
is recommended as an assistant to nursiné staff. A computer driven modél of the neonate’s
oxygen trahsport system, accommodating bi-directional gas ﬂow'in the }pulmonary system and
pulmonary/cardiac shunts in the circulatory system# was developed for testing several
algorithms. Proérams modelling one hour of physical beha;/iour of three types of neonates are

. Fi
produced. Manual control is based on clinical observations and a PID controller’s gain values

~
are selected from empirical data. Two fuzzy logic based controllers are designéd - non-linear
(FL) and non-linear with artifact detection (FLA). All fou; algorithms were run through the
neonate models and distributions of time spent by the 5nodels at various SpO: levels were used
as a comparison method. The PID algorithm provided better control than manual mode and the
FL controller was better than both. The FLA controller was slightly better than FL control. In

summary, a fuzzy logic controller with artifact detection provided better oxygen therapy for

software neonatal models than standard fuzzy logic, PID or manual control.

111 kd
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Preface o | .

P .
At the age of 16 my engi{leering career bega;l asa millwright's helper in the sawmﬂis of the
Canadian westcoast. Merl with blackened sausage shaped ﬁhgers working together in harsh
conditions to maintain machines the size of small forests. These initial experiencesr led jre into
civil and structural engineering whére the scale Qf my projects - highways, airport runways and
farmland drainage - remained relatively l'alrgé. Evén later, after graduating with my electrical

engineering degree, my first project involved automatic ship steering systems.,

It w‘as not until 1989, at British Colunibia's Children's Hospital, when [ could hold the
physical scope of my work in the palm of my hand. Ironically, however, the physical size of the
focus of my efforts had reduced but the implic'aiions of thé énd result had exploded. A
neorknatologist’(_)nce :said to me, "l love my work, on averaée I get'a 75 year return on each
investment”. 1 believe that this qu'ote best describes the unlirnk‘;g potential assbciated with

assisting a new life.”

xii1l



< L0 INTRODUCTION

Ventilated neonates with under-developed lﬁngs may require ,el;,vatcd leveBZof inspired
oxygen to’maintajn adequate tisSue oxygenation. The process of administering air/oxygen gas
‘mixtures is known as oxygen therapy and this the;;is is about its automation as applied to a
-software model of the péonate. During the course of oxygen therapy, elevated levels of blood
oxygenation, hyperoxem;a, must be avoided or the risk of chronic lung disease or retinal
damage is increa.'sed. Low levels of blood oxygenation, hypokemia, may- lead to permanent

brain tissue damage and, in some cases, mortality.

_ Arterial blood oxygen ,saturation, Sa0., represenis the percent of hemoglobin bonded with
oxygen and 1s an indirect indication of tissue oxygenation. The output sngngl from a pulse
oximeter, SpO», correlates well with SaOz and 1s often used by clinical staff in tﬁ%process of
oxygen therapy. Medical staff use l;lood gas analysis to correlate existing arterial partial
pressures of oxygen, Pa0, (another indicator of tissue oxygenation), to current SpO.. With-th'm
information, staff must then determine a safe range of SpO», normoxemia, for each infant. Once
a safe range of SpO» 1s deﬁﬁed, medical staff will administer a fractional inspired oxygen level,
FiOs, using automatic or manual means. Figuse 1 Apresents a generic system block diagram of
the (')xygen' therapy process. Chapter 2 di‘;cusses, in detail, the manual oxygen therapy

procedure and its associated difficulties.

LN

o
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Oximeter

Figure 1. System Block Diagram )

¥

PI'CViOl;S attempts by the author to autc;mate Sa0, control have been impaired by the
difficulties associﬁted with co-ordinating subjects, parental consent, nursery and technicz;l staff.
Another problem associated with clinical trials is the inability of the controller to stress test
itself with live patients. Figure 2 is a-simplified diagram of the neonatal oxygen transport system

g

and a computer model of it is proposed in Chapter 3 as a means of alleviating these problems.

~

Commercial software was used to implement the model for a personal computér. A four
compartment adult respiratory model which accommodated bi-directional gas flow was
developed. The adult cardiovascular system was designed with 11 mixing and four delay
companm’ents. These two models were linked together to produce an adult model of the

oxygen transport system and output values for the partial pressure of oxygen in the alveoli

(PAO») and SaO, were validated with current physiological data.
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Figure 2. Oxygen Transport System - solid arrows represent oxygen flow.

The adult model was then adapted to represent a neonate using a combination of
physiological scaling (allometric) equations and empirical data for its parameters. Dynamic
shunting conditions were analysed. Models of the air/oxygen blender and pulse oximeter were

also produced. The pulse oximeter model included sensor noise and motion d'mtufbances that
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i 4
could be controlled by a supérvisory program. Models for the air/foxygen blender, nebnate and
pulse oxinieter - actuator, plant and monitor réspectively - wete linked together and controlled

by one of three supervisory test scripts. Each script represented a one hour duration for a

specific type of neonate: stable but active; unstablg and inactive; unstable, inactive and changing
< ;

L)

bxygen affinity.
Chapter 4 describes the design and imp'lementation of four controllers - manual, proportional-
integral-differential (PID), fuzzy logic and fuzzy logic with artifact detection. Manual mode
attempts to keep the neonatal models at target but more emphasis is often placed by clinical
staff on keeping the patient within normoxemia. The other control algorithms attempt to hold

the models to a specific target point.

The results from each controller applied to each type of neonatal model are presented,
compared 'and discussed in Chapter 5. Target perfomiance; ;;deﬁned as the percentage of
experiment duration spent at +- 0.5% SpO; of target and +/- 1.5% SpO. of target.
Normoxemic performance is defined as the percentage of experiment duration spent witﬁ'm
normoxemia (Y% to 95% SpO»). Summary and conclusions are 'pres-ented in Chapter 6

followed by the appendices and list of references.

¢
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2.0 OXYGEN THERAPY FOR PRE-TERM INFANTS
2.1 Introduction ’

Oxygen therapy i8 the process of adminﬁstrating blended air/foxygen gas in an effort to
maintain a patient's tissue oxygenation at safe levels. The mixture of air/oxygen gas, or

fractional inspired oxygen, FiO,, is often manually set by clinical staff using a mechanical gas

s

' blender while a pulse oximeter output, SpO., is used by them to observe the patient's systemic

arterial blood oxygen saturation, Sa0,. The reading from the pulse oximeter, SpO,, correlates
well with Sa0, which is often used as an indirect assessment of systemic arterial oxygen
tension, PaO.. Intermittent blood gas testing is done on the patient to correlate SpO; readings

with arterial oxygen tension and, indirectly, tissue oXygenation. -

Preterm babies are .infantjs born before the normal 39 to 40) week human gestatia;] period.
Those born before 35 weeks gestation often require oxygen therapy as a result of >their under
developed lungs. A low blood oxygen saturation level increases the. infant's:risk of hypoxemia.
Prolonged i)eﬂods of high Sp;Oz levels (hyperoxemia) may induce complications such as retinal
damage and chronic lung disease. Clinical staff have two problems to solve when
administering oxygen therapy to preterm infants. 'l:he first problem is the definition of

hypoxemia and hyperoxemia for each patient; safe upper and lower SpO-. limits must be

prescribed. The second problem is to keep the patient within the prescribed safe blood oxygen L '

saturation limits (normoxemia). .

™
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This chapter first describes the mechanisms of oxygen transport in ventilated pre-term babies. ¢

Next it states how oxygen therapy is manually administered to prevent hypoxemia and
hyperoxemia. A description of the hazards (and how each hazard occurs) associated with this

therapy is presehted. Since varying levels of inspired oxygen at constant ventilation may lead to

physiological damage in pre-term babies, the author reviews automatic oxygen therapy as a

®

means of limiting these disorders.

£ #
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Figure 3. Oxygen Cascade - PnO; represents the partial pressure of oxygén at the “nth”
compartment, n = 1 to 6.



2.2 Oxygen Transport in Neonates

.

3

Fig»hre 3 is a simplified djagram of the human oxygen transport system with the removal of
oxygen as CO, omitted for simplicity. This oxygen cascade has been divided into six
companments and ea(,h drop in oxygen pamal pressure represents a compartment transition.

-~

Airway

-

Compartment 1 consists of the mouth, endotracheal tube and bronchial tubes where PiO; ,

the partial pressure of inspired oxygen, is usually about 150 mmﬁg for an FiO, of (.21 (normal

room air). The FiO- level can be related to the partial pressure of inspired oxygen as a function.

of the barometric pressure (PB) and partial pressure of water (PH.O) as follows:
PiO: = (%FiO»/100) * (PB - PH>0) 2.1

Alveoli

The second compartment is made up of the alveoli where oxygen pressure (PAO») is usually
about 50 mmHg lower than the previous compartment due to the diffusion of oxygen into the
blood and the additional partial pressure of CO, retuming from the tissue. Oxygen diffuses
through the alveoli membrane into the next compahment since the pulmonary capillary blood

contairis a lower oxygen partial pressure.

”
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Capillaries and Pulmonary Venous Blood
" Tissue capillaries surrounding ;he alveoli make up the .third compartment. Oxygen is present
in the blood in two forms - dissolved in the plasma and erythrocyte water and reversibly bound
to hemoglobin molecules. The amount of oxygen dissolved in the blood is directly proportional
to its partial pressure, PO,, but is relatively small because oxygen is relatively insoluble in
water. Most oxygen is bound to hemoglobin in the capillary blood as a func;ion of the partial
pressure of oxygen. As pulmonary arterial blood fiows through the lung capillaries, oxygen

diffusing from the alveoli binds to capillary blood hemoglobin and is then transported to the

pulmonary venous system and then to the left atrium of the heart.

Systemic Arterial Blood

“The next compartment consists of the systemic arterial system where blood leaves the left
ventricle of the heart. For the sake of simplicity, it will be assumed by the author that very little ,
oxygen Ls‘!lost to tissue within the pulmonary venous blood and leﬁ atrium. Pa0» and SaO; will
refer to arterial oxygen tension and blood oxygen séturation respectively for the sysfemic
~ arterial blood circulation. In the normal newborn, 98% of the oxygen in blood flowing out of
the heart into the systemic circulation is bound to the hemoglobin. The oxygen dissolved in the
plasma and erythrocyte water has a partial pressure defined as PaO, which is related to the

blood (hemoglobin) oxygen saturation (Sa0.) by the oxygen dissociation curve shown in



. ' a ,
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Figure 4. The Sa0, is the ratio of bound hemoglobin to total hemoglobin in the blood

represented as a percentage. A mathematical model for this curve is (Sever{nghaus, 1979).
Sa0, = (((Pa0y’ + 150 Pa0y)™ * 23,400) + 1) (2.2)

The ;fope and position of the oxygen dissociation curve represel‘lts the affinity of oxygen to
the blood hemoglobin. A left shifted steep curve is typical of neonates and illustrates a high
oxygen affinity (Hay, 1979). In other words, a low PaO, is required to drive the hemoglobin to
saturation. This feature is very appropriate at the lung compartment, but not necessarily so at
the tissue. When the oxygenated blood reaches the tissue, O, must be unloaded and a right
shifted, less steép curve would be better suited. In other words, a lower Hb-O; affinity at the
tissue would mean that at relatively high PaO, values O, would be released. The dashed line in

Figure 4 illustrates an Sa0, value of $7% for neonates, or adults, with a PaOz of 100 mmHg.

Neonate blood is made up of fetal hemoglobin (HbF) until about eight weeks of gestation
when adult hemoglobin (HbA) appears (Wood, 1973). At 30 weeks gestation the change to
HbA from HbF accelerates. For adult hemoglobin the oxygen dissociation c‘urvé can be
affected by several factors sluch as temperature, blood pH and 2,3-diphosphoglycerate (DPG) '
concentration. A right shift can be the result of an increased temperature, increased 2,3-DPG

concentration or a decrease in pH. However, in preterm infants, research has shown that pH




10
and 2-3 DPG have little direct affect on the dissociation curve but the percentage of HbA do®s
(Bard, 1979). | o

/

%Hb Saturation

100 /
Q7 Bttt cate ooy
80 __| : |
60 —| L
40 — . ! ) —
Al ¢ !

20 — : L =

/ L

I B R R !

0 20 40 60 - 80 100
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Figure 4. Oxygen Dissociation Curve

Tissue and Mitochondria

As arterial blood enters capillaries surrounded by tissue with' low interstitial ﬂuiél PO: (as a
result of oxygen @nsumption), oxygen dissolved in the blood plasma enters the tissue resulting
in a drop in the plasma PO,. This drop in pressure results in a diffusion of O: out of the

erythrocyte which in turn results in the release of O, bound to hemoglobin as a function of the



L
.

w

1

oxygen dissociation curve. The oxygen that diffused into the interstitial fluid moves into cells

o
. _ ~
along a concentration gradient generated by:-cellular oxygen consumption.

Even with a high Hb-O, ;fﬁnjty, oxygen is still released from the hemoglobin because of the
presence of CO:; at the tissue. ‘The Hb-CO, affinity is much higher than that of Hb-O, and since
there is a large CO, partial pressure gradient bet“;eén the.erythrocyte water and the plasma at
the tissue, the CO. successfully competes with the oxygen for llemoglobin i)inding sites. Thus
th(; CO, returning from the tissue ﬁhelps drive sdme of the oxygen from the hemoglobin and in.to
the blood plasma at the capillaries. In neonates, the blood returning from this compartment

usually has a saturation level of about 75% (Dudell, 1990), but this value is a function of the

~infant’s dissociation curve. In other words, an SvO, of 75% may be associated with a 4)

mmHg PvO: (partial pressure of oxygen in the systemic venous blood) for one curve, while on

another mere left shifted curve, the same PvO, may represent 85% SvO..

2.3 Complipatiun; K"’s%fciated with Oxygen Therapy

The physiology of the preterm infant changes from week to week. For éxample, lung
development is not complete until about 35 weeks gestation and retinal development continues
until after birth. This section will discuss complications that can affect the neonate's oxygen

transport system.
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Apnea

Sporadic and prolonged periods of breathing inactivity are defined as apneic spells Vand are
most common in preterm infants. Factors as;ociated with apneic spells are hypoxia, rapid eye
movement (REM) sleep, absence of core-skin temperature difference, upper airway

obétruction, inadequaté nutrition, fatigue and gastroesophageal reflux (Avery, "1984). Since

apnea is the cessation of breathing it has a major affect on Sa0O, if the neonate is not

mechanically ventilated. Without a source of oxygen, the tissue PO, will drop very quickly.

Sinus Bradycardia

Irregular or low heart rate (< 100 BPM) will slow blood circulation and thus reduce O»

delivery. About 35% of premature infants display bradycardiac dysrythmias (Fanaroff, 1983,

p.576). An irregular hearf rate may also have a detrimental effect on some monitoring
mstrumenttation. Sinus bradycardia is associated with defecatioﬁ, yawning, hiccuping and
nasopharyngeal stimulation but is most likely due to the immaturity of tl‘w autonomic nervous
system and increased vagal tone (Freed, 1984). Episodes of bradycardia have a profound effect

on tissue oxygen levels, but the reverse is not necessarily true.

Surfactant Levels

Surfactant in the alveoli lowers surface tension and thus increases lung compliance. This
allows the neonate to inspire larger volumes of gas using lower pressures. The increased

efficiency in delivering O, to the alveoli reduces stress on the patient. Since surfactant
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concentration levels consistent with mature lungs does not begin to appear until about 35
weeks gestation (Fanaroff, 1983, p.134), many Jow-birth weight neonates have a low surfactant .
level requiring that they ‘be mechanically ventjlated using pressures that could promote lung

-

damage.

Shunt : | : .

Two types of shunt can be considered. The first is the result of a poor match, between blood
circulation and ventilated areas of the lung - an area of lung with poor ventilation may have
good circulation, or, a well ventilated lung region may have inadequate circulation. This type of E

shunt is shown in Figure 3 as a pulmonary arterial-venous connection bypassing the capillaries.

The second type of shunt is withjn the heart as indicated in Figure 3 between the right and left
ventricles. Within the mother’s uterods, the -neonate receives its oxygemt'by sharing its
circulatory system »\;ith the mother; oxygenated blood enters the neonate via thg umbilical
chord. Two cardiac right-to-left shunting mechanisms assist in moving the oxygenated blood
through the systemic system (Scarpelli, 1975, p.117). These shunts through the ductus

&
arteriosus and foramen ovale are a means of by-passing the pu]monary circulation. During the

v »0 )
neonate’s first breaths, these shunts begin to close; with e\kntual full closure in most infants.
Some neonates, about § per 1000, maintain the opening between the two hearts and thus blood

bypasses the lungs and does not become oxygenated (Freed, 1984). In this condition, known as

aright to left cardiac shunt, elevating Fi(-)‘z levels has little or no effect on Sa0-..




Oxygen Affinity (Hb-0; Dissocjation Curve)

As stated earlier, adult hémog]obin-Oz afﬁnjt;/ is a function of temperature, Ablood pH and 2,3
DPG concentration. The body temperature of neonates is usually controlled by an incubat(')r‘
~and set at 37° C. A neonate's O, affinity is a function of its HbF/HbA content and not directly
23 DPG and blood pH (Bard, 1979). There is an indirect link, however, since HbA is effected
by these factors the implication is that 2,3 DPG and pH will have an effect on oxygen affinity as
a functio;l of the percentage of HbA in the fetal blood. The fetus appears to respond to
;hypoxemia by both an incréase in HbF synthesis and its red cell‘mass thus controlling its O,
affinity. In the neonate, howéver, complications such as blood transfudgons wiil affect the

percentage of HbF and HbA and thus affect the O, affinity.

Another problem associated with oxygen therapy is due to the non-linear nature of the Hb-O»
dissociation curve. In other words, the relationship between the Sa0O- and PaO, is not constant
or a straight line. As illustrated in Figure 4, the dissociation curve is stéep and relativelylinear
below 40 mm'Hg and flat and linear above 60 mmHg. Betws:en 40 and 60 mmHg, however, the
two segments meet to form what is referred to as the "knee" of the curve. It is very difficult to
maintain PaO, levels in an-infant within the "knee" because any slight drop in PaO; as a result
(;f shunt, bradycardia, etc. may drive the infant into the steep part of the curve producing large

drops in blood oxygen saturation.
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2.4 Oxygen Therapy
2.4.1 Monitoring Device

Originally, i’aOz levels in neonates were detenﬁned by blood gas analysis. As technology
moved along, instrumentation was developedA by industry that could continuously monitor
Pa0O,, and later, Sa0,. Bancalari (1987) showed that there was no correlation’ between
continuous monitoring and a reduction in mortality or incidence of retinopathy of prematurity
in low birth weight infants - babies weighing less than or equal to 1500 gms. He and Flyﬁn later
showed that there was a»correlation between retinopathy of prematurity (ROP) and elevated
levels of PaO, (Flynn and Bancalari, 1992). As a result'most, neonatal nmseﬁes monitor infants

on supplemental oxygen with continuous Pa0O, or Sa0; instruments and intermittent blood gas

testing.

There is little in the literature to describe an oxygen therapy procedure besides indicating safe
fanges of Pa0O,. Generaliy, an optimal PaO,, or indir¢ctly, an optimal Sa0, level is determined
/ by hospital staff. A general guideline for PaO; levels 'Ls 60-80 mmHg or 85-95% for SaO, (Hay |
1979; American Academy' of Pediatrics, 1992). If PaO, is under scrutiny, a PaO, monitor is

connected to the patient and alarm levels are set close to the desired PaO,.

Since pulse oximetry is non-invasive and more immediate in nature it has become a very
popular means of gauging Sa0, by observing its SpO, reading. In most.cases SpO: correlates

.very well to Sa0, within the range of 85% to 95% (Praud, 1989; Bucher 1989). This area is
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usually the range of interest with regards to maintaining stable lévels of Sa0;, within the patient.

Like the PaO, monitor, the pulse oximeter is set up to alarm outside a $pecified range.

Pulse oximeters use the properties of light absorption in oxygenated blood to determine
SpO.. It is based upon the principlé that oxygenated and deoxygenated hemoglobil; have
different absorption spectra. The deoxygenated hemoglobin absorb more light in the 600 to
750 nm wavelength and oxygenated hemoglobin absorbs more light in the 850 to 1000 nm
band. An oximeter probe emits light at these two wavelengths through the tissue to a photo-
detector wh;:re the light absorptiqn by the tissue (and indirectly the hemoglobin) is measufed.
The ratio of the light absorption at the two wavelengths correlates to the proportion of
oxygénatcd and deoxygenated hemoglobin. Their sensors afe very sensitive to ambient light
and movement which create erroneous readings known as artifact. The a‘\puL&‘.e,‘ oximeter also

a
must synchronise on the patient's heartbeat ksince only the'light of the pulsating portion of the
heartbeat correlates to oxygen saturation; a poor heartbeat signal may also produce artifact
and erroneous data (Poets, 1994).

Some literature has suggesicd Tusing venous blood oxygen saturation (SvO:) as an indicator
of oxygen consumption (Dudell, 1990). Subtracting SvO, from SaQ., an error signal could be
produced that would represent oxygen consumption and, indirectly, tissue oxygenation. This
technique, however, requires that a catheter be placed in the patient's right ventricle, exposing

the patient to infection and possibly complicating the day to day health; care that the patient

-
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requires. Another problem is the fact that the venous side of the systemic circulation acts as a
reservoir for the blood and there would be a time lag between the SvO, at the tissue and that
measured at the heart. Resea}ch into an indwelling O,, CO, and pH cathetgr for neonates is

promising, but manufacturing and corrosion problems persist (Soller, 1994; Rolfe, 1994). ——

24.2 Actuating‘De\u'ice

A mixture of air and oxygen is produced by feeding each of the two gases into a mechanical
air/oxygen blender. The output gas has an oxygen percentage of 21 to 100 percent and is fed
into the patient via a ventilator. The blender usually has a mechanical dial within the 21 to 100
percer;t range which allows the user to set the output gas. Some ventilators have these blenders
built into them. As a safety monitor, an O, sensor is often placed in line between the blender
and ventilator by clinical staff.‘

The proceame for oxygén therapy is quite straight forward’; the clinician_adjusts the
administered aiy)oxygen mixture in an effort to maintain stable normoxemia. The alarms on the
input device are set using a rangg close to the target SpO,. A care giyef-’ adjusts the inspired
air/oxygen percentage (FiO;) until the patient is within the presaibe;i range. As the patient
desaturaie:s (becomes hypoxemic) or oversaturates (becomes hyper‘m;emic) the attendant must
carefully adjust the FiO; levels. This is not an easy ta;k since the-adjustment must be made as a
function of the type of problem. For example, in the case of observed oversaturation, patient

movement may be causing a false read'mg and an FiO, increase would promote hyperoxemia.
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2.4.3 Defining Safe Oxygen Levels

The definition of safe levels of oxygen (normoxemia) is controversial. In the early 1950's with
the prevalent use of oxygen in incubato\rs to prevent hypoxe@, there was an epidemic of
retinopathy of prematurity which resulted in lower FiO; levels prescribed to neonates in the
1960)s (Payne, 1984). Along witi1 the resultant reduction in the disease, however, was an
increase in infant mortality. Another complication associated with hypoxia and mechanical
positive pressure veﬁﬂﬁioq is 'known as bronchopulmonary dysplasia (BPD), or more -,

Rt

commonly, chronic lung disease. Over the decades the "safe” limit for PaO, levels has been
changing from 60-100 mmHg to 60-80 mmHg (American Academy of Pediatrics, 1983; 1992).
This may have been in response to the increasing number of infanfs diagnosed with
hyperoxemic related diseases such as ROP and BPD. In an effort to reduce hyperoxema even

more, recent literature suggests that other safe limits may be as low as 45-60 mmHg (Emond,

1993).

Hypoxemiia

The result of low blood oxygen levels are quite obvious. Lrreversible brain tissue damage is
the result of prolonged periods of hypoxemia. In severe cases damage may lead to death.
lnfants eprsed to severe and continuous hypoxemia increasé their risk of conditions such as

cerebral palsy or spastic diplegia (MacDonald, 1963).
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Bronchopul’monﬁﬁ Dysplasia - BPD
Bronchopulmonary dysplasia occurs amonfg infants who have required high oxygen
c‘oncentrationsia.hd ventilator Support (Northway, 1976). It normally follows hyaline membrane
disease (also knpwn as respiratory distress syndrome) but may occur in h{fants without it
(Bancalari, 1979). In this' condition, there is a destructioﬁ of terminal airways with dysplasia
and fibrosis. The associated scar tissue build-up reduces effective lung volume. Frequent
exposure to prolonged periods of hyperoxemia may contribute to the onset of \BPD. Affected

infants usually develop chronic respiratory insufficiency with severe cases leading to death

(Durbin, 1975).

Carbon Dioxide Retention

As carbon dioxide enters the blood at the lux;gs about 30% is bound to the debxyhemoglobin
to form the carbamino cor?Ipound, HbCOz If the CO; is not released at the lungs due to
shunting or BPD related complications, the O, within the lungs capillaries will have fewer
hemoglobin binding sites and thus the blood oxygen saturation will stay low. Prolonged periods
of hyperoxemia can proﬁote lung damage' which in turn may further impair CO, djffusion

through the alveoli.

Retrolental Fibroplasia
Retrolental fibroplasia or retinopathy of prematurity (ROP) is a disease affecting retinal blood

vessels in premature and term infants and can produce visual impairment and blindness (Payne,
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1984). It was first diagnosed in 1941 and in the 1950's and 1960's a relationship between its
incidence and high oxygen levels was identified (Terry, 1942; Kinsey, 1956). As a result of
these early studies, FiO, levels were reduced only to possibly reéult in an increased infant
mortality. Exposure to high levels of PaO, (> 80 mmHg) will increase the neonates risk of

Y

ROP (Flynn, 1992).

At the fourth month of gestation, vascularization begins at the optic disc and then proceeds
outwards where it reaches the nasal periphery at 8 months. The temporal periphery is not
vascularized until 1 month after term. At any stage of prematurity and up to one month after
term the temporal retina is susceptible to ROP. The primary effect of oxygen (as a result of
* hyperoxemia) on neonates with an incompletely vascularized retina is retinal vasoconstriétion
which may be followed by vascular closure. This may eventually lead to complete closure of
immature bonions of vascularized retina. The secondary effect occurs with a reduction o‘f PaO,
to normal levels as new vessels form at the damaged area and erupt through the retina surface

into the vitreous (Payne, 1984). Also, adjacent to the capillary closure, neovasculation occeurs.

2.4.4 Oxygen Regulation

Manual Control
Labile babies are particularly difficult to stabilise. Since these babies tend to desaturate

1

quickly and often, attendants may have to constantly adjust the FiQ, levels (in some cases 2-3

times a minute). As stated above, the target Sa0, level is often very close to the "knee" of the
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dissociation curve. Since neonates often have a left shifted steep curve, small disturbances can
drive the patient into rapid deep desaturation. The nursing staff may react by increasing FiO,
values, resulting in the baby becoming normoxemic. Unfortunately, however, 1f the FiO,
renﬁiﬁﬁéﬁncreased the infant soon becomes hyperoxemic requiring a decrease in FiO,. This
constant cycling is time consuming and also stresses the baby and nursing staff The situation is

further complicated by nursing staff performing other duties such as suctioning mucus from the

infant's éungs and providing physiotherapy.

Associated Therapy

Administering a steroid, such as glucocorticoid, tofneonates suffering from BPD can produce
marked improvements® in their oxygen transport mechanism. These c!rugs act as anti-
inflammatory agents in the lungs. Little research is availablé to show the long term affects of
this type of drug therapy, thus, steroids aré genei%ally administered on];' to critically ill patients.

In some cases the steroid is administered to the pre:gnant mother in an effort to prevent chronic

lung disease (Van Marter, 1990).

An artificial surfactant can result in increasing lung compliance which will allow ventilation at
lower pressures. Less stress on the patient and a lower risk of lung damage is the result.
Surfactant use in preterm infants improves survival rates without increasing the proportion of

J
impaired survivors (Ferrara, 1994). A recent study (Kari, 1994) showed that surfactant therapy
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coup'led with prenatal steroid therapy"‘decreases pulmonary morbidity and cerebral
complications, and increases infant survival. v ,
-

Vitamin E derivatives are used to scavenge O, free radicals from blood. Little data is
available but what does exist shows some effect on reducing. ROP (Payne, 1984).
Administration of morphine to reduce pain and stress on baby seems reasonable but some
research shows that morphine depresses all aspects of respiratofy activity including rate, minute
and tidal volume (Way, 1963). Several commercial drugs are used to assist the ventilation
process by acting as bronchodialators. Nitric oxide therapy is very experimental but shows
-promise since it is a direct pulmonary vasodilator that is deactivated by hemoglobin. In other

N
words, nitric oxide gas w1]J dilate the pulmonary capillaries surrounding the lungs (increasing
diffusion due to increased area) but not the rest of the circulation. With scheduled

physiotherapy and suctioning of lung mucus, clinical staff can maintain lung compliarice a’ﬁaq

resistance.

Automatic Therapy

The need to automate neonatal oxygen therapy has been identified by the' medical community
(Flynn, 1992). Previous researchers have been pioneering neonatal oxygen controllers. kn
England, Beddis (1979) devised a mechanical controller the‘n produced promising results. This
type of wofk‘k;y dormant until Taub;: (1989), Tehrani(1991) and Morozoff (1991) began théir

research. Taube’s adaptive proportional-derivative-integral (PID) prototype lead to his US
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patent. Morozoff built two generations of controllers which followed various control strategies.

- e
Chapter 4 contains more details on previous work.

2.5 Summary

A description of the neonatal oxygen transport system is presented. The partial pressure of
oxygen d:opé as it moves from the mouth to the vlungst where it diffuses through the alveoli
walls and bonds to hemoglobin in the pulmonary capillaﬁes. The percent of hemoglobin
bonded with oxygen is kn(;wn as the blood oxygen saturatiQn, Sa0,, and is related to the
partial pressure of oxygen in the blood by the oxygen dissociation curve. Qxygen bonded to the
hemoglobin is transported through the circulatory system to the tissue capillaries where a

~portion is released and enters the tissue.

Frequent and prolonged low oxygen levels in the tissue, hypoxemia, may lead to irreversible
brain damage and, in severe cases, mortality. Frequent and prolonged high levels of tissue
oxygenation, hyperoxemia, may promote bronchopulmonary dysplasia (chronic lung disease)
and retihopathy' of prematurity (eye damage). The output of a pulse oximeter, SpO», is used as
an indicator of SaO, which is, in turn, used as an indirect indicator of tissue oxygenation.
Normoxemia is defined as the "safe” region of tissue oxygenation and oxygen therapy is the
process of maintaining it by the administration of an air/oxygen gas mixture. The reading from

a pulse oximeter is often used by clinical staff as a feedback mechanism for manual control of
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oxygen therapy. To date, several researchers, including the author have develc;ped automatic

oxygen thérapy devices which use SpO; as an indicator of tissue oxygenation.
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3.0 PHYSIOLOGICAL MODEL

3.1 Introduction

Modelling the physiological system affordg several advantages in this study. In the past, the
co-ordination of human sub}ects, parental permission, nursery personnel, technical support and
functional equipment hz;s been very difficult. On average, a single two or three day test per
month could be co-ordinated by the author. A second major advantage to modelling the
neonate is related to the stress that he or she can accommodate. Since the ne(;pate must S’ta-y
within normoxemia, the validation of the‘ prototype controller described in the previous section
was t\)‘ased on a limited SaO, bandwidth. A model, however, can be repeatedly driven to critical
Sa0; levels as a means of verifying the controller’s long term response before field trials v\;ith a
prototype device. A third advantage of producing a neonatal model is that it providi: a
platform for further research - not only in the field of Sa0, control, but also in the study of the

effects of changes to physiological parameters such as lung compliance, breathing rate, heart

rate, etc.

A simulation may produce the same output as a model, but internally offers no explanation
for its data. The model differs from the simulation b); attempting to define the mechanisms that
produce expeﬁnler;tzl observations. The depth of detail to which the model explores usually
represents its resolution. Desigﬁers must deﬁng: a depth of detail and its a_ssociated output since,

in"most cases, those model details may be difficult to attain. Once a model has been formulated,

a computer application may be realised. The depth of the model detail may also effect the
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co’mputation time required; higher levels of detail requiring increased computational power.

P

Some models may be so detailed and complicated that, even though they are realisable, they
L

may not be useful for real-time model based control due to their processing power

requirements.

A model of the human oxygen. transport system from inspired air at the mouth to its
consumption in the mitochondria is a complex task. Oxygen, as a gas, is compressible and its
pressure through the respiratory system - mouth to alveoli - is a function of resistance,
compliance and direction of flow. Once oxygen diffuses through the alveoli walls into the blood
stream, its concentration is affected by blood flow, mixing chamber time constants, shunting

’ s

and consumption rate. In summary there are two subsystem models - respiratory and

circulatory.

This chapter describes the design, implementation.and testing of models for a neonate’s
oxygen transport system, an air/oxygen bleqsder and a pulse oximeter. These three components
- plant, actuator and monitor - are used to design and test a controller in the following cilapter.
After the introduction, the model’s computer developmeht environment is presented. Next, the
respiratory and cardiovascular models are described. These two models are then combined into

.

adult and neonatal models in the following two sections. Air/Oxygen blender and pulse

oximeter models are then presented followed by a discussion of various test scripts.
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3.2 Development Environment
As a computer engineer, and an experienced computer programmer, the author originally
proposed writing the x;lodel in the CH programming language. In fact, some of the early
respiratory models were first written usi1.1g ‘fC++”‘on an IBM compatible personal con‘q)utér
(PC). However, after some initial training, the author moved towards using the commercial
MATLAB (MathWorks, 1995) ‘soﬁware program with its “SIMULINK?” feature.

SIMULINK is ah.icon driven model building sc.)ftware' package andj provides som;:
components such as summers, multipliers, filters, transfer functions, etc. More importantly, it
provi&es the user with a standard framework to which custom building blocks can be added.
The neonatal —model requires many custom blocks to accomrfiodate bi-directional gas flow,
real-time adjustment of tirne.i Constam§, etc. Another feature of SIMULINK is its packaged -
input/output (1/0) rQutines such as graphing ;n'd disk file access. A third feature associated
with this package is that otl;er researchers fa‘miliér with-it can take advantage of the model;-

understanding and editing a custom “C++" driven model would most certainly be more difficult

- z

and time consuming.

»

- This model was developed on an IBM compatible ‘486 133 Mhz PC with 16 Mbytes of

(4

RAM. Its operating system was MicroSoft Windows® 3.0 :('Micro_Soft, 1994). MATLAB

&

version 4.2¢.1 was used to drive SIMULINK version l.3¢.

#
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alveoli

Figure 5. Respiratory System

V(t)

slope = compliance

* Pt
Figure 6. Pressure - Volume Plot - the plot is for a single breath starting in the lower left

~ hand corner and moving counter-clockwise along the curve. Also note, that this is a positive
pressure plot from a ventilated patient.

2

3.3 Respiration o
The respiratory system is primarily dedicated to the function of oxygen and carbon dioxide
exchange. These gases enter and exit at each end of a well structured system as shown in

Figure 5. Gas pressure, flow and volume are parameters which describe characteristics of the
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respiratory system. The instantaneous respiratory system pressure can be modelled by the
following simplified equation (Richardson 1989):
P(t) =‘ Po + (1/C)V(t) + (R)E(t) @3

where:

P(t) = pressure difference between atmosphere and patient airway

V(t) = lung voll;nle above resic.iual‘capacity

F(t) = gas ﬂgw

Py = resphétory system offset pressure

.C = respiratory system compliance

R = respiratory system resistance

Compliance is a measure of how “easy’ the respiratory system expands. If we plot pressure
versus volume for a single breath we will get a circular shaped curve shown in Figure 6.
Dynamic compliance is the slope of the curve and is calculated as:

C(t) = V(t)/P(1) (3.2)

A common method of estimating the average compliance is to calculate the slope of a straight

line from the beéinning to end of inspiration as shown by the dotted line in Figure 6.

Resistance is a function of pressure and flow and its dynamic valué can be expressed as:
R(1) = P(t)/F(1) 4 . (3.3)
If we plot a pressure-flow loop for a single breath, an estimate of the average resistance can be
calculated from the slope of a straight line between the start and end of inspiration - a

procedure similar to the calculation of average system compliance.
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_ Table 1. Comparison of Pulmonary Mechanics _an’d Electrical Models

Respiratory Systgm Electrical Analogue
flow (F) . current (I)

pressure (P) voltage (V)
fesistance (R) : resistance (R)
compliance (C) capacitance (C)
volume (Q) charge (Q)

An analogy between an electrical circuit and pulmonary mechanics can be made as shown in
Table I (Grodins, 1963, p.16; Milhorn, 1966, p.53). Figure 7 illustrates a respiratory system
’

compartment modelled as a simple RC circuit. Using the electrical analogy we can define the

respiratory values as follows:

Fi(t) = (Py(t) - P2(t))/R ' (3.4)

dQ(t)/dt = Fy(t) - Fx(t) | (3.5)

P2(t) = (Q(t) - QU)/C (3.6)
I

Using Py(t) from the previous network and F,(t) from the next and the above equations, the

instantaneous pressure, flow and volume - P,(t), F(t) and d(t) respectively - can be calculated.

~
FI F2
PI _— —_
—
| I
R

e
— 7
A

QU (unstressed volume)

Figure 7. Respiratory RC Network
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The first quantitative model of the human ventilation model was developed by Gray ( 1946)
and described ventilation rate, in a feedback loop, controlled by the partial pressure of anen'al.
carbon dioxide, PaO, and acidemia (H'a). This steady state model was further déveloped
(Grodins, 1950; Saito et al, 1960) and a second generation of respiratory models - dynamic
models - evolved (G?o‘dihs, 1954; Defares, 1960). Respiratory model computer simulations
were first explored by Horgan (1965) and Milhorn (1965). Both steady state and dynamic
models were limited by constant and uni-directional oxygen flow through the lungs until

Yamamoto (1970) introduced a periodic respiratory drive.

Many of the researchers described in the above paragraph modelled the respiratory system
using the RC network mﬂoéy at varying levels of detail. One researcher, V. Rideout (1991),
produced a very good modei which has been adapted into the one presented in Figure 8. In this
model, for an adult, there are four chambers - mouth, trachea, bronchi and alveoli - each
cbnsisti‘ng of a resistance-compliance network. His work, was founded on those mentioned in

the above paragraph plus that of Jodat (1966), Horgan (1968) and Pedley (1970)).

mouth trachea bronchi alveoli
Patm P, P, P, P4
1 | p— | I 1 [
| I | L__l 1 J 1
i
,/j C,
QU, QU’ QU3 QU4
PB = driving

; pressure

Figure 8. Respiratory System Model. (Modified from V.Rideout, Mathematical and
Computer Modelling of Physiological Systems. Prentice Hall, Inc. New Jersey, 1991, p.139.)
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ﬁe model sho% in Figure 8, like Rideout’s, assumes that resistance and compliance .are
constant. A more de;ailed model _would inchxde noﬁ-linear R(t) and. C(t) but‘ would be difﬁcuAlt
to implement. Also, it is assumed that the respiratory compartments contain unstressed
volumes (QU;, QUz, ...), defined as compartment volumes at zero pressure. Another
assumption is that the driving pressure of the system (i.e. the breathing apparatus) is sinusoidal
in nature and drives a negative pressure in the diaphragm. In the nursery, ventilators are
_positive pressure devices and, in most cases, not sinusoidal. The author suggests that the SaO,

waveforms produced from the model and ventilator, will produce little difference since the

Sa0, waveform is heavily filtered by the cardiovascular system’s mixing chambers (see below).

Only about two thirds of each tidal volume reaches the alveoli for gas exchange. One portion
not involved with gas exchange is called the anatomical dead space volume and it includes the
mouth, trachea, bronchi compartments. The model accounts for anatomical dead space by not
allowing gas exchange from these‘companments with the blood. Alveolar dead space is a
function of the pulmonary blood circulation and it is accouﬁted for by a pulmonary shunt in the

circulatory model.

The respiratory model was implemented using SIMULINK blocks as illustrated in Figure 9
and the alveoli pressure (P4) was comparable to Rideout’s data (1991, p.142). This model only

deals with the flow of air and assumes that the total flow out of the alveoli (into the blood) is

~
i"

very small or zero.
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After verifying the air transport model, an oxygen transport model was pr‘oduced by building

a model parallel to it. In this case, Rideout (1991, pp.145-146) derives the flow, pressure z;nd
volume values of oxygén as a function of the percentqgc of :oxygen in air and the direction of
flow - inspiration or expiration. Thus, the model for alr transport is used to produce a total
flow for eacﬂ compartment and from these, the flow and ;/oilumc of oxygen are derived. This
model must also deal with the flow of air (and oxygen) in both directié)ns. This is complicated
by the fact that dxygen flows out of the model at the alveo‘li faster during inspiration than at
expiration. To aécount for this, a switching function was produced which derives the

13

gompanment’s pressure as a function of the direction of total gas flow.

H

During inspiration the oxygen partial pressure difference between the alveoli (PAO,) and the N

pulmonary capillary blood (PcO,). is high becausethe lungs are filling with fresh air and de-
oxygenated blood is flowing through the lungs. On the pulmonary venous side of the lungs, the
partial pressure of oxygen is approximately equal to that in the alveoli. In summary, during
inspiration, oxygen flows out of the lungs and into the blood regulated by the circulatory
system blood flow. During expiration, oxygen is no longer flowing into the lungs but is still
depleted by the pulmonary capillary blood flow resulting in a lowering of the partial pressure of

oxygen in the alveoli.
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Figure 9. Respiratory System Model Implementation - Each row of discrete blocks, as
outlined by a dashed box, represents a respiratory compartment - from top to bottom, mouth,
trachea, bronchi and alveoli. They make up the dynamic equations (3.4), (3.5) and (3.6)
associated with an RC model of each compartment.

Figure 10 represents Rideout’s oxygen transport model in the respiratory system of an adult

as implemented by the author using the SIMULINK program. This was not a straight forward
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task since , due to the discontinuities at zero flow (i.e. between nspiration and expirdtion), the
model engine became unstable. To »correct the problem, the author increased the .numericgl

. s _ .
integration step to 0.005 and the numerical integration a]g_on'thnj to the Adams/Gear technique.
Unfortunately, this increased the model’s processing tame. In summary, Rideout’s respiration

model for oxygen transport in an adult was implemented with the SIMULINK program. The

results were comparable to his published data (Rideout, 1991, p.147).

F1

A
[}

Pamt

Figure 10. Adult Oxygen Transport Model - the dashed boxes, from top to bottom
represent the four respiratory compartments - mouth, trachea, bronchi and alveoli.
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3.4 Cardiovascular Model
The cardiovascular system consists of the puﬁonm capillaries, pulmonary veins, heart,
systemic arteﬁes and systemic capillaries. Oxygen bonded to hemoglobin and dissoived in the
blood is transported through this cir&ulatory loop shown in Figure 11. This section describes a
»
model for the flow of oxygen from the respiratory system to the tissue where a portion is

metabolised.

left left aorta &

atrium ventricle large arteries small
arteries

pulmonary
capillaries

right . right

pulmonary ventricle atrium

artery » <
Y

Figure 11. Cardiovascular System

smg]l tissue
veins capillaries

Since the blood, like most fluids, is non-compressible, the compartments shown in Figure 11

can be treated as mixing chambers. The output concentration of a material from a mixing

-

chamber is z;fun(f[idn of the flow, volume and input concentration (Sheppard, 1948). Figure 12
illustrates a sifnple mixing chamber.

—— » F = flow of solute carrier
fi(t) = solute input flow

¢;(t) = solute inft concentration (1) = solute output flow
~ ] c2(t) = solute output concentration
V. q(®) V = chamber volume

hit). | B®.ex) q(t) = solute mass

Figure 12. Simple Mixing Chamber




By mass balance:
'4 q(t) = [{fi - f}dt + q(0)
if:
ci(t) =q(t)/V
f,(t) = F¥c (1)
£(t) = F*c(t)
then:
at) = (F/V) * J{c - cldt + ¢1(0)
or:
dey/dt = (F/V)* (¢ - c) = (I/T) * (¢1 - ¢)
where:
T=V/F
In the frequency domain:
C,=C * _(1/T)
(s+ 1/T)

(3.7)

(3.8)

(3.9)

(3.10)

3.11)

3.12)

(3.13)

(3.14)

Equation (3.14) shows that each mixing chamber can be modelled as a simple first order

transfer function with a time constant, T, equal to volume divided by flow. A second type of

compartment, a connecting compartment, can be modelled as a simple delay function. It

represents the transport time of the solute in the blood through a region where the

corncentrations remain reasonably constant.
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Figure 13. A 13 Compartment Circulatory System Model - the capillary compartments, as
indicated with an asterix are split in half to produce four delay compartments. The rest of the
compartments are mixing chambers.

Figure 13 illustrates a 13 compartment model of the cardiovascular system. There are four
delay compartments representing the pulmonary and systemic capillaries. The delays associated
with the systemic capillary combartments have been reduced to accommodate the tissue
compartiment. In earlier versions c;f the model, the tissue corﬁpartment was removed as a
means of reducing the simulation’s computing time. ’lih'm madlel is derived from Rideout’s 10
companhent model (1991, p.45) which was designed as a closed loop - including a single
shunt - to track solute concentrations input at the right atrium. The first step in building the
Figure 11 model was to adapt the 10 compartment model to SIMULINK. This 1'0
compartment model produced results that were comparable to Rideout’s (1991, pp.46-48).
The assumptions associated with this model are as follows:

(1) blood flow is non-pulsatile and uni-directional.
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(2) all mixing chambers are perfect - instantaneous and complete.

(3) red blood cells travel at the same rate as blood.

F

c2(t) — cl(n
. ) f(0) c1(t) = input concentration
€2(t) = output concentration
X F = blood flow
\% f(t) = solute flow

k = consumption rate
V = chamber volume

Figure 14. Tissue Compartment Model
The next step in ghe'developnlent process was to add the Sa0O. inpgi and oxygen
consumption. A unit step generator was usqd to produce an Sa0O, input. The tissue
compénment Ugnsfer function, as shown in Figﬁre 14, was modelled for oxygen consgmption
as follows:
f(y = F * (Cl(t)°02(:t)) (3.15)
-V ¥ de(t)ydt = f-(k * ¢(t) 3.16)
therefore: |
VRde/dt = F ¥ (eft) - ca(t) - (k¥ ea(t)) = (F*a®)-a*F+k)  (3.17)

in the frequency domain:

G*(V*s + F+ k) =F *(C T (3.18)
therefore:
G = T (3.19)
s+ Ti+k/V . ,
where: ' £
Ti=F/V = inverse of time constant (3.20)
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A third major difference between the 10 and 13 compartment models is that the 13
compartment model has three shunts - a pulmonary shunt (S3) across the lungs; an atrial right-
to-left shunt through the foramen ovale (S1); and a riéht-to-left shunt from the pulmonary
artery té the aorta (S2). These shunts were first implehentcd as a co:ﬁbination of SIMULINK
multipliers and z;dditive blocks and once the Simulation was started, the percentage of shunt
could not be adjusted. Also, when a shunt or change in shunt Zcentage occurs, the flows

through the effected compartments change and, since the time congtants are a function of flow,

the time constants’ values must change.

Figure 15 represents the SIMULINK im;)lementation of Figure 13. Constants, such as Ti, Ki,
etc. are set by running the hﬁtiaﬁsation “initpm1.m” first. At the start of a simulation, the flows
and time constants are calculated as a function of the initial shunt values. The initial flows are
set to zero by the SIMULINK program and the simulation requires about 3 minutes to reach
steady state. This model was tested using a pulse generator to producei an Sa0; change
between the two pulmonary capillary compartments. The dynamic response was compmaPle to

Rideout’s data (1991, p.148).
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Figure 15. Adult CardiovaScuIar Model .

3.5 Adult Oxygen Transport Model

An adult oxygen transport model consists of merging the respiration and circulation models

described in the previous sections. This process was relatively straight forward but produced a

model with a substantially increased run time. The respiration model outputs its PAO, value to

the circulation model which in turn exports its SvO, value back to the respiratory system.

A major complication arose when trying to make the shunting values dynamic. Shunt values

change during an experiment as a means of emulating the adult’s physiological behaviour. At
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4

first, a supervisory program was written by the author to adjust the shunts and compartment
time constants. Unfortunately this produced unstable transient responses because S;'IMULINK
sets 'its&integrators’ 7to zero whenever the parameters of its library transfer func;iQns are
changfd. The solution was to redesign the compartments using discrete building blocksz‘ ;a‘such
as integr%tc;rs, summing junctiens, etc. Sa0,, SvO, and PAQO, values for a 10% steady s;atei
puimonary'shunt are shown in Figure 16. The output flow during this simulation was 4.2 ml/§ |
(250 mi/min.) which is close to the estimated oxygen consumption of a 70 kg. adult wf;h an
average blood flow (F) of 100 mi/s (Ross, 1985). Also note thatyPAQ, oscillates between 100
and 122 mmHg p;oducmg an Sa0, of 97% and an SvO, of 78% which are compa%able with .

physiological data (West, 1985).

Figure 17 is a plot of the SvOz,‘;SaOz and PAQO, values when a pulmonary shunt (S3)
increases from 0.10 to 0.55 at ZOO*sci\conds and then is reduced back to 0.10 at 300 seconds.
The initial conditions are set before running the simulation. Figures 18 énd 19 show the same
model parameters for S1 and S2 shunts adjusted folJowiqg the Figure 17 paradigm. The first
200 seconds in each graph represents thf; initial start-up transient and are removed. This
transient is a function of SIMULINK s delay compartments ivhich cannot be pre-loaded with
initial values besides zero. l~;igure 17 shows a desaturation pulse to 80% which is not as low as

the other two plots. This is because the plots in Figures 18 and 19 represent a 10% S3 shunt

plus a 55% S2 or S| shunt, while Fig-ure 17 represents only a 55% S3 shunt.
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N

These three plots demonstrate the model’s non-linearity with a desaturation time constant of
about 70 seconds and a saturation time constant of 15 seconds. Physiologically speaking, this
makes sense; the body is very slow to desaturate but quick to saturate. This dynamic response

to shunting has been collaborated by Wilkinson (1995) who derived SaO; curves from lambs
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with varying degrees of shunting. Their time constants were 20 and 6 seconds for desaturation
and saturation respectively. The ratios of saturation to desaturation time constants for the

model and Wilkinsin’s work are compar?fBE- about 0.25.
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Figure 17. Adult Model S3 Adjustment - 0./0 to 0.55 at 200 sec. and to 0.10 at 400 sec.
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Figure 18. Adult Model S2 Adjustment - 0./0 t0 0.55 at 200 sec. and to 0.10 at 400 sec.
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Figure 19. Adult Model S1 Adjustment - (.10 to (.55 at 200 sec. and to 0.10 at 400 sec.

3.6 Neonatal Oxygen Tfansport Model
There are essenéially three major differences between human neonatal and adult physiology.
The first, and most obvious, is scale; the magnitude of the neonate’s respiratory and circulatory
system parameters such as lung volume, resistance, compliance, blood flow, heart chamber
volume tend to follow physiological scaling Ews (Dawson, 1991).
| B
The second major difference, as described in the previous chapter, is that neonatal
hemoglobin has a higher affinity to oxygen than adult hemoglobin. This implies that the neonat‘e
will saturate at lower PaO, values than the adult. It also implies, however: ti1at the rising edge
of the neopatal oxygen dissociation curve is much steeper than the adult’s, which can result in

1

larger desaturations when the neonate’s Pa0O, moves below the “knee” of the curve.
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The third most important physical difference is that the neonate often suffers from one or
more simultaneous shunts. It is primarily those shunting events, as observed in the nursery,
which produce dangeroﬁsly loW blood oxygen saturation levels in pre-term infants. ThlS section
describes how the adult oxygen transport model has been adapted to a neonatal model

incorporating differences in scale, oxygen affinity and shunting.

Information.with regards to the specific physical parameters used by the.model tends to be

scarce. A major help, .howe‘ver, is the general observation that within mammals, parameters for

e
EREEA

a specific age can be extr;cied from those of an adult mammal bearing ;he same  weight,
surface area, etc. (Cook, 1958). For exanple, the oxyéen consumption rate of a 1500 gm
human is about the same as that of a full grow;l 1500 gm 'rat. This principle will be used to
extrapolate parameter vélues which are unavailable in the literature via empirical means. A
second technique the author has used to calculate model parameters is one of proportional
scaling where an aggregate sum is available but nét its specific breaj( down. For example, a 7()

kg adult’s total lung compliance, on average, is 0.2183 (cm**s*/gm) with 0.60% for mouth,

1.8% for trachea, 6.0% for bronchi and 91.6 % for alveoli.

Table 11 lists the various respiratory parameters as calculated from their associated allometric
eq“‘,ﬁgg_ipns (Stahl,1967). The three values of interest for the model are lung compliance,
;ésistan;e and tidal volume. From Dawson, (1991, p.127), for a 1500 gm mammal we get a -
total lung volume of 0.102 litres - derived from: 0.068 * M = 0.068 * 1.5, where M is mass in

Kg. He also states (1991, p.127) that the tidal volume is generally about 10% of the total lung



47

volume. This is true for a 70 Kg adult whose total lung volume is about 5 litres and tidal
volume is 500 ml (Ross, 1985). Thus for a neonate we can set the tidal volume to 10 ml, whic

is empirically confirmed (Scarpelli, 1975). The total adult unstressed volume (i.e. volume 'jt
resf) is 466 ml which is 93.2% of the tidal volume. Using this relationship, the author estimates
the neonate’s qinstressed volume to be 9.32 ml (93.2% of 10 ml) as listed in Table [II. The
unstressed volumes of edch specific compartment are then calculated as weighted percentages, -
where the percentage for each compartment is bésed on the adult model. For example, the
adult alveoli unstressed volume is 85.8% of the total, thus the neonate’s value is 8.00 ml (0.858

*9.32 ml).

Enipirical values for the total static respiratory resistance are available and have a large range
(Cook, 1957; 1958; Polgér, 1961 and 1965; Kraus, 1973). They are, however close to the
allometric value from Tgble 1 of 18 cm**s*/gm but the writer has chosen a slightly higher vz‘alue
of 25.0 as shown in Table IIl. Total pulmonary compliance is also varied but a review of thé
literature prompts the author to use a value of 0.002 cm**s*/gm (Cook, 1958, Scarpelli, 1975,

p.155). The allometric value from Table 11 is a bit higher at 0.0033 cm**s*/gm.
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. .
| Table I1. Allometric Values for the Respiratory System ( M = mass in Kg.)

Parameter Equation 70 Kg Adult 1500 gm. Neonate

N .
Tidal Vol. (ml) 7.69M"* 638 1.7
Total Cabacity (ml) 53.5M'% 4832 82.2
Respiratory Rate (bpm) 53.5M92 17.7 48.1
02 Uptake (ml/s) 0.193M"" 4.88 0.26
ComplianC-C (mlemH,0) 2. 1OM"® 206.5 3.25 (0.0033 cm**s%/ml)
Resistance (cmHz.Q*s/L) 2.44M07° 1.247 18.37 (18.0 dyne*s/ml)
Cardiac Output (ml/s) 3.117M™ 97.3 4.33
Cardiac Rate (/min.) 241M°% 83.3 218
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Table II1. Respiratory System Model Parameters - adult and neonatal values as used in the

models..

Parameter 70 Kg. Adult . 1500 gm. Neonate
Total Unstressed Vol. (i) 466.0 9.32
Mouth Unstressed Vol.(ml) 40.0 0.80..
Trachea Unstressed VoL (ml) 8.0 » 0. 16
Bronchi Unstressed Vol.(ml) § 18.0 0.36 )
Alveoli Unstressed Vol. (ml) 400.0 8.00

Total Resistance (dyne*s/ml) 1.42 25.0
Mouth Resistance (dyne*s/ml) .~ 1.0 14.62
Trachea Resistance (dyne*s/ml) ().33 4.825
Bronchi Resis‘tance (dyne*s/ml) 0.30 4.385
Alveoli Resistance (dyne*s/ml) 0.08 1.17

Total Compliance (cm**s%/gm) 0.2183 0.0(;2 183
Mouth Compliance (cm**s*/gm) 0.0013 0.000013
Trachea Compliance (cm**s*/gm) 0.0040 0.000040
Bronchi Compliance (cm®*s%/gm) 0.0130 0.000130
Alveoli Compliance (cm**s%/gm) 0.2000 0.002000

Respiratory Rate (beats/min.) 14 25
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Table IV. Circulatory System Model Parameters - adulr and neonatal values as used in the

SIMULINK models. ~

Parameter 70 Kg Adult 1500 gm Neonate
Average Blood Flo»\‘/ (ml/s) 100 16.?0
Oxygen Consumption (ml/s) 24.36 0.20
Total Transport Time (sec.) 390 9.0
Pulmonary Capillary Vol. (ml) 800 18.8
Left Atrium Vol. (ml) 125 4.68
Left Ventricle Vol. (ml) 125 4.68
Aorta & Large Artery Vol. (ml) 750 28.22
Small Artery Vol. (ml) ’ 200 7.51
Tissue Capillary Vol. (ml) 800 30.06
Small Vein Vol. (ml) “1000 37.58
Right Atrial Vol. (ml) 125 4.68
Right Ventricle Vol. (ml) 125 4.68
Pulmonary Artery Vol. (ml) 250 _ 9.39

-

L,
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The average blood flow for a 1500 gram neonate, as listed in Table IV, was deﬁ;{éd from
Dawson’s scaling laws (Dawson, 1991). Oxygen consumption is empirically defined by
Scarpelli (1975, p. 1;4) at 0.15 ml/s which is lower than Dawson’s allometric value of 0.25 ml/s
(1991, p.88); an average of 0.20 ml/s has been chosen by the author. The total transport time is
from Dawson (1991, p.87) and conﬁf_rﬁed by Stahl (1967). The adult volume parameters listed
in Table IV are from Rideout (1991, p.46) and Ross ¢1985, p.121); they are used to scale
neonatal values. The neonatal O, dissociation curve was extracted from Poet (1991) and is
comparable to that of other researchers (Scarpelli, 1975, p.138; Delivoria-Papadopoulos, *

1971).

Another assumption made by the author is that the neonatal model represents an infant
_ breathing unassisted. In many cases, neonates weighing 1500 grams are ventilated at pressures
of 10 to 25 cmH,O. The pressure signal generator was moved to the mouth compartment and
the output PAO, was not changed. In reality, larger input pressures are required to ventilate
neonates because the com;iliance -of the ventilator’s circuit is significantly higher than the
neonate’s pulmonary system. In other words, the‘tubing tends to expand before the lungs.
Also, when the patient breaths on his/her own, they use their diaphragm and chest wall muscles
to inflate the lungs. Under a ventilator, however, the ventilator must also overcome the static
and, in some cases opposing, chest wall and diaphragm resistance. As a means of simplifying
the model, an internal pressure generator is maintained and the effects of the ventilator omitted.
The driving pressure of the pressure generator has been slightly increased to accommod?te the

two orders of magnitude reduction in compliance. Figure 20) illustrates the Sa0O,, SvO,, O;
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flow and PAQ; values for a 10% S3 shunt and an FiO, vahc of 0.21 (room air). This plot-
shows the PAQ; in the range of 40 to 90 mmHg which is comparable to published values
(Scarpelli, 1975, p.146). Also, the average O, flow is about 0.30 ml/s, close to the value
defined in Table IV: The neonate model is shown in Figures 21, 22 and 23. Implementation ;)f
individual com’partments in Figure 22 is identical to that shown in Figure 10. In this model,
FiO,, all three shunts and the dissociation\curve can.be adjusted during a simulation. Before this

model is run, the initialisation program, “‘initnnl.m” must be run - See Appendix A for a listing.
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Figure 20. Neonatal Model Output
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Figure 21. Neonatal Model Overview
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Figure 22. Neonatal Respiratory System Model.
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Figure 23 Neonatal Circulatory System Model.

“3.7 Air/Oxygen Blender Model
The electro-mechanical air/oxygen blender constructed by the author has a rate limited swing
from 0.21 to 1.0 FiO; in 5.0 seconds. A prototype blender was modified with a clutched DC
motor to adjust the dial and an optical encoder to realise dial »xposition. The clutching
mechanism provided a means of accommodating user override. The blender had a 240 degree

rotation representing a 79% FiO, range. This gave 3 degrees of resolution per 1% FiQ,. With a
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16 bit optical encoder providing pbsiti@n feedback, 1200 counts per degree were available. In

reality, a 0.2% FiO; dial resolution could be produced by the prototype. It is assumed that the
model’s mixed gas output is instantaneous and of infinite resolution. Figure 24 represents the

blender model.

/
i
FiO; in - limits rate FiO; out

[

Figure 24. Air/Oxygen Blender Model.

3.8 Pulse Oximeter Mo&el

The pulse oximeter can be subject to two sources of disturbance - sensor noise due to light
and motion artifact. Sensor noise is modelled by adding a white noise éenerator to the input
signal and motion artifact is produced by amplifying a pulse generator’s signal and adding it to
the pulse oximeter’s input. This amplification can be controlled by software during a
simulation. Figure 25 represents the pulse oximeter model and Figure 26 displays the test

output from a 0.2 Hz sine wave input.

_ﬂ_ﬂ_ ‘

Motion Artifact MA amplitude

Sensor Noise SN amplitude
+
n —ER—-m
Sa02 Sum limnit Sp02 .
Figure 25. Pulse Oximeter Model
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Figure 26. Pulse Oximeter Model Test Output.

3.9 Supervisory Programs
A one hour simulation of ar 1500 gm neonate can be produccd using the three components -
actuator (air/oxygen blender), plant (neonate) and monitor (pulse oximeter) - and a supervisory
_program, also known as a. test script. Each supervisory program is a software routine that reads

the clock and at specific times events such as motion artifact, shunting, etc. can be applied to
. .

the model.

After reviewing nursery data, collected during previous studies (Morozoff, 1992; 1994), the

following conditions have been defined by the author:

(1) Short desaturation pulse: a large desaturation pulse with a -2 minute duration. This is a

very common occurrence and the pulse is usually caused by a single shunt.
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(2) Long desaturation pulse: 10 - 15 minute duration where motion artifact and other shunting

conditions can occur.

(3) Positive motion artifact: these are 100% SpO, saturations produced by patient motion and
tend to be long enough - 10 to 60 seconds - for the controller to begin lowering the FiO,.
In tﬁe nursery, under manual oxygen therapy, however, this condition is usually ignored

!

by clinical staff and no oxygen increment is realised.

4) :)Negative motion artifact: these are SpO, desaturations (usually below 75% SpO.)
produced by patient motion. The duration is 10 - 60 seconds and, like condition (3),

usually ignored by clinical staff.

(5) Large desaturation coupled with positive motion artifact: positive motion artifact disguises

the desaturation and the controller drops the FiO; causing further hypoxemia.

(6) Large saturation coupled with negative motion artifact: opposite of condition (5); this

creates a high FiO,, pushing the infant into saturation.

(7) Long term physiological change: average FiO, tends to change-as a result of a specific
event such as physiotherapy, drug injection, feeding, etc. This can be modelled as a

dissociation curve shift or a shunt adjustment.
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From the above cdnditions, three preliminary scripts were produced - baby 1, 2 and 3. See
Appendix B for listings of each. Baby 1 represents ;1 generally stablé infant with a 20%
pulmonary shunt. This baby, however, is quite active and produces many c;vénts of motion
anifa&ct - conditions (3) and (4). The purpose of baby 1 model is to test a controller’s reacti;)n

Y

to motion artifact and whether those reactions push the infant out of normoxemia.

The second supervisory program, baby 2, suﬂérs from a 30% pulmonary shunt with sporadic
episodes of ductus arteriosis (S2) shunts coupled with a few periods of motion artifact. This

model will illustrate the controller’s performance associated with dynamic shunting.

Baby 3 has a 20% pulmonary shunt and a 10% S2 shunt with many periods of S2 shunts
going to 30%. This is an unstable infant model and there is only one motion artifact which
represents physiotherapy activity resulting in a right shift of the dissociation curve (condition

(7)). The purpose of this model is to stress the controller’s ability to regulate the FiO, after the

dynamic response of the model has changed.

Each script was verified by adquting the FiO; to ensure that a target SpO; of 92% could be
attained during periods of non-motion artifact. See Chapter 5 for a more detailed description of

the test scripts and plots of each under various modes of control.
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3.10 Summary >
A software based model of the neonatal oxygen transport system is developed in this chapter.
The model traces oxygen levels as partial pressures of gas through the respiratory systém and
as concentrations bonded to hemoglobin in the circulétory system. Four compartments -
‘mouth, trachea, bronchi ahd.alveoli - are modelled as RC compax“tmcnts connected in,geries to
make up the respiratory system. Perfect mixing chambers, modelled as first order transfer
functions, and delay compartments make up the circulatory system of pulmonax?ﬁcapillaﬁes,
left atrium, left ventricle, aorta and large artéi’ies, small arteries, tissue capillaries, tissue, small
veins, right atrium, right ventricle and pulmonary artery. Circulation and respiration circuits are

linked by the oxygen dissociation curve.

An adult model is first constructed and tested; it is then scaled to a neonatal model using
empirical parameters and mammalian scahng functions. The circulatory model was designed to
accommodate the dynamic adjustment of pulmonary and cardiac shunts plus the shifting nature
of the oxygen dissociation curve. Models for the actuator (air/oxygen blender) and monitor
(pulse oximeter) where also designed in this chapter. The pulse oximeter model features sensor
noise and software control of motion artifact. Three supervisory programs were developed to
mimic the behaviour of three types of neonate: Baby 1 - stable (only two pulmonary shunt
events) but active; Baby 2 - unstable (frequent pulmonary and cardiac shunts) but not active;
Baby 3 - unstable (frequent cardiac and pulmonary shunting), not active and changing oxygen

affinity.
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4.0 FUZZY LOGIC CONTROLLER

4.1 Introduction

Even with developments in drug therapy, the incidence of oxygen therapy related illness such
as ROP and bronchopul}ynonary dysplasia is relatively high (Gibson, 1990; Bancalari, 1979).
Bancalari (1987) has shoi;‘wn that even with continuous monitoring and manual response, the
quality of oxygen therapy was not improved in low birth weight infants. These results, possibly
due to a lower mortalit%y 'rate in low birth weight infants or an incorrect definition of
hyperoxemia (upper limit ‘of PaO, set too high), prompts the author to explore improvements

in the administration of oxygen therapy.

If a patient is labile (frequently outside of normoxemia), an attendant must regulate tissue
oxygenation by constantly adjusting FiO, levels. Automatic control systems in the medical
arena are becoming‘more prevalent - including devices which control anesthetic gases, blood
pressure, heart rate, etc. (Sheppard, 1980; Linkens, 1992; Hacisalihzade, 1992) - and the need
to automate oxygen therapy has been identified by the medical community (Flynn, 1992). A
few researchers have developed prototype controllers (Beddis, 1979; Taube, 1989; Morozoff,

1991) but to date, none have been commercialised; possibly due to th\e limited market and high

risk associated with an automatic neonatal oxygenator. However, if available, this type of .

instrumentation could serve as an assistant to nursing staff and make minor FiO, adjustments in

their absence.

-
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When formulating a controller, the designer must consider the limitations associated with the
controller’s actuator and observer. Noise frorp the observer’s sensors will affect the designer’s
choice of controller parameters, as will actuator saturation points. In most neonatal care units,
a pulse oximeter is used by staff to indicate the level of tissue oxygenation. This technique is
non-invasive and, when correlated to blood gas samples, reliable within the range of 85% to
95% SpO: (Poets, 1994). For the controller’s input, the author chooses to use the SpO, signal
from a'model of a commercial pulse oximeter which includes sensor noise and motion artifact.
A model of a motorised air/oxygen blender, as described in Chapter 3, will be the actuator with '

saturation points at 21% and 100% FiO,.

This chapter discusses manual and automatic oxygen therapy methodologies for application
to the neonatal model developed in Chapter 3. The design of two types of automatic

controllers, proportional-integral-differential (PID) and fuzzy logic, will be presented.

4.2 Manual Control

Experienced nursing staff can provide stable and accurate oxygen therapy for preterm infants.
They have the ability to filter (ignore) erroneous pulse oximeter signals that are the result of
sensor noise or motion artifact. Another skill they possess is the ability to accommodate-the
. non-linearity of the oxygen transport system; small FiO, adjustment for desaturation and large
adjustment for saturation. The most important ability of nursing staff is associated with‘the
knowledge they gain while working with a patient for a few days. They can pick up trends,

accommodate changes due to drug therapy, etc. All these skills have been observed in neonatal
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rain
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nursing staff by the author who h,Lis spent hundreds of hours in their environment at the Special
1 "

/

Care Nursery of British Columbia’s Childfcn’s Hospital.

1
i

}
;

The above paragraph seems to contradict previous statements by the author about the

automation of oxygen therapy lgading to an improvement. This contradiction is related to the

|
i

fact that, in real nursery environimnts, staff cannot dedicate their time to continuous oxygen
| o
i

therapy. Nursery staff may attend|to more than one infant and also must provide time for other

b
tasks such as feeding, changing, suctioning, cleaning, parental consultation, etc.
: ,

|
{

i
1

A common method of applying; O, therapy in the nursery is to find an FiO, setting which

provides the infant with an SpO, (;;if about 92%. Then alarm levels are set at about 88% and

-4

96%. When an alarm occurs, the :élttendant checks for motion artifact by observing the infant
!

and then compares the pulse oximeter’s heart rate reading with that from an independent heart

i

rate monitor. If the independent sotiﬁrce is stable but the pulse oximeter’s heart rate value is low

or high, the staff conclude that th% alarms are the result of sensor or motion artifact and no

FiO, adjustment is made. If, howegver, the heart rates from the two instruments are about the

same, a saturation, or desaturation% has occurred. In this case, nursery staff may wait 10 to 15
B

seconds to see if the infant returns fo npm1oxemia. During this period another check is e of

the infant’s condition - skin tone is often an indicator of tissue oxygenation. At the discretion. of

the nurse, an FiO, adjustment is m%lde if further episbdes occur or SpO; levels appear poor.

™

1)
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The above paragraph is a general description of a method for providing oxygen therapy
' requiring; several inputs - SpO,, pulse oximeter heart rate, skin tone, independent heart rate,
patic_:nt motion, previous occurrences, etc. The essence of this type of control is to maintain
normoxemia (90% to 95%) rather than a specific set point. Manual control for the three test
scripts described in Chapger 3 will mimic the nursery staff. Baby 1 is a very stable infant andits
FiO, w111 be set at 30% for the entire experiment; motion artifacts will be ignored as will small
changes in SpO,. Baby 2, similar to Baby l will require no FiOQ, adjustments from its 35%
setting. The physiology of Baby 3 changes halfway through the experiment as its oxygen
dissociation curve shifts right. A resulting decreased oxygen zifﬁnity requires that the FiO;
value, which started at 32%, be slightly increased to 35% a few minutes the event.

Should the test scripts have a requirement for more man:l}i adjustments? Perhaps, but the
end result, in manual mode, would be the same. In response to the programmed manual
adjustments, the neonatal model would spend most of its time in normoxemia. The automatic
controllers would react to SpO, changes outside normoxemia in a similar fashion to SpO,

changes within.

4.3 PID Control

Classic feedback control methodology can be applied to SaO, control as was done by Taube
(1989). l—hs controller is based on a first order model of the system which consists of a non-
ventilated neonate in an air/oxygén filled incubator. This resulted in a simple system with,

unde;standably, a large lag. Taube’s work is biased by the fact that most non-ventilated
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neonates tend to be quite stable. In other words, his controller was applied to a relatively stable
system where the neonate’s oxygen transport system acted in a linear fashion; ie. their SpOz
set points were far from the “knee” of the oxygen dissociation curve. Tl;lS thesis is focused on
ventilated low birth weight neonates who tend to be unstable with targét SpO; values close to

the “knee” of the dissociation curve.

The neonate model developed in Chapter 3 is non-linear as illustrated in Figure 27. This
~ diagram presents the model’s opéittogp step res;;onses to 10% FiO, increments at time 200
and 350 seconds (steps 1 and 2) plus 10% FiO, decrements at SOQ and 650 seconds (steps 3
and 4). In this test, the: miodel is set up with only a-20% pulmonary (S3) shunt. Note that the

first positive response is a 15% Sa0, increase while the second is only 5%. Time constants are
-

quite different: 40 seconds for step 1; 15 seconds for~ step 2; \40 seconds f;)r step 3; 40 seconds
for step 4. These differences can be explained by the effect of the PvO, level (partial pressure of
oxygen in blood returning to the lungs). Before step 1 begins, the model has a 21% FO,
resulting in very low SpO, and SvO, values. When the 10% FiO, occurs, the PAQ, value
(alveolar oxyger partial pressure) becomes much higher than the PvO.. This high pressure
drives oxygen into the system quickly, increasing the PaO, and SaO, values and, with a total
transport time of about 10 seconds, the PvOz and SvO, levels as well. The second‘step gives a
similar initial response, but a saturation point is reached in about 20 seconds resulting in what
appears to be a fast time constant. When an FiO, decrease is implemented at step 3, the model

is fully saturated at 97% and the sudden drop in PAO, can only be accommodated by two

mechanisms - oxygén metabolism at the tissue and via the lungs at exhale. If the new PAO,
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value is still higher than the PvO, then oxygen will not be exhaled and so, it appears that the

-

rate of desaturation is controlled by the O, consumption rate.

SpO2 %
100 ' -
o5} |
o0
85/ | \
80/
75
70

—d

0 200 400 600 800 1000
timAe in seconds

Figure 27. Open Loop Step Responses - /0% FiO; increments occur at 200 and 350

seconds; 10% FiO2 decrements occur at 500 and 650 seconds. This figure illustrates the non-
linearity of the oxygen transport system and shows that, depending on the SaQ; levels, similar
FiO: increments/decrements do not result in the same response.

Equations (4.1) and (4.2) define the feedback value, u(t), as-a function of the error, e, its

-

integral and derivative.

ut)=Kp (e + (1/Ti) * [{e}dt + Td *(de/dt) e) @.1)
u(t) =Kp*e + Ki* [{e}dt + Kd*(de/dt) = . | 4.2)
where:
 Ki=KpTi 4.3
Kd=Kp*Td s
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The step responses in Figure 27 can be used t{) design the PID controller. Franklin (1986)
suggests a simple method where the general slope and system lag illustrated by a step response
can be used to set the PID gains. Figure 28 isa simplified diagram of a generic system open

loop step response. The PID gains can be calculated as follows:

Kp=12*R*L | 4.5)
Ki = Kp/2L 4.6)
Kd=0.5*L * Kp @.7)

slope R = K/tr = reaction rate

v
-

o
.

»

v

[ i
~ e

L = lag tr
Figure 28. Generic System Response - modified from Franklin GF. Feedback Control of
Dynamic Systems. Addison-Wesley, Don Mills, Ontario, 1986, p. 104.

From a detailed plot of Figure 27, the parameters R and L where extracted and applied to
equations (4.5}, (4.6) and (4.7) to produce Table V. With the exception of step 3, Table V
suggests that average gains of (1.00, 0.100 and 2.5) fér (Kp, Ki and Kd) would provide
'adequate control. This controller, however, would be slow to respond to SaO, drops within the

90% t6 95% range since Table V suggests gains three times larger for this region. Since the
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region in question is normoxemia, the proposed average values are acceptable. If we plotted a
histogram representing percent of time spent by the closed loop system a{spoz values from 0
to 100, this controller should give a peak at the target (set to a point in normoxemia) with a

o

slight hyperoxic skew.

Tﬁble V. PID Gains from Open Loop Step Responses

Step# R (SpOy/sec) L (sec.) Kp Ki Kd
1 0.30 5 0.800 0.080 2.000
2 0.20 5 1.200 0.120 3.000 -
3 0.08 5 3.000 0.300 7.500
4 0.22 5 1.091 0.109 2727

In 1993 the author used various PID gains in clinical trials fbr his pr'ototype controllef
(Morozoff, 1994). A review of the data suggested that, empirically, the best gaips were (1.750,
0.164, 0.1094) for (Kp,. Ki, Kd). These values agree with those stlggestqd by Franklin’s
method (s;ae Table V) with the exception of the differential gain; Kd. Tﬁe author found that this

gain must be dropped an order of magnitude to reduce the effect of motion artifact.

~
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Figure 29. PID Controller SIMULINK Implementation

A PID Acontroller was designed using the empirical gains (Kp = 1.750, Ki = 0.164, Kd =
(0.1094) and is illustrated in Figure 29. Included in this diagram is the integrator anti-windup
mechanism which was implemented in the prototype PID controller. Since the air/oxyéen
blender has a limited range of 0.21 to 1.00 it saturates often. When this occurs, the anti-windup.
circuit turns the integration off. The input to the controller, as with the prototype, is filtered
using a low pass first order filter with a 3.2 second btime constant. Figure 30 represents the
systemn’s filtered SpO, response (with the PID controller) to a 2% target increase at 250
secénds and a 2% decrease at 300 seconds. It shows a reasonable response with a 25%
overshoot (M), 15 second rise time (t;) and 75 second settling time (t,). The associated FiO,
output is relagively smooth. Overshoot is the maximum percentage of a step change the system
transient by-passes its final value. The rise time is defined as the time that the system takes to
cover the 10% to 90% range of a step change. Settling time will be defined as the time a

system takes to settle to within +/- 5% of its final value after a step change.
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Sp02 %
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FiO2 °
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Figure 30. PID‘ Controller Step R;sponse’ - 2% target increment at 25gseconds and 2%
target decrement at 400 seconds. Top graph is filtered SpQ,% and lower is FiO;.
4.4 Fuzzy Logic Control
4.4.1 Introduction E
Fuzzy logic theory uses multi-valued logic and probability theory as a means of quantifying

statements whi)ch:have a qualifying nature. It was first developed by Zadeh (1965; 1973; 1975)

<

ca

who propdsed a degree of membership in sets, rather than a strict (true/false) membership. -

Using his methods, the qualifying statement “error is large” can be quantified by a membership
function, Uyyg.(error), which returns a value from O to 1 for the linguistic variable “error”. This
is in contrast with classic binary logic membership which would return a value of O or 1 (false

or true respectively). A crisp set is strictly defined - members of a population are either in the
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set or not in the set. A fuzzy set, however, is not as strictly defined; members of a population
belong tby the fuzzy set to a degree and that degree is defined by a membership function which
returns a value between 0.0 and 1.0.

-

Combinatory fuzzy logic can be implemented using maximum and minimum functions as
it

“AND™ and “OR” operators. For example, if we have two linguistic variables, error and
F A

erfor_rate,‘ti;ién the statement \
“(error is large) AND (error_rate is positive)”
is equivalent to: |
minimurp( Ularge(€1T0T), Upouitive(ETTOT_rate) )

where Ujyge(error) and Upeguve(error_rate) are mémbership functions that each return the degree

of membership (0 to 1) of its given variable. "

Conditional statements,- or rules, of the “IF (error is large) THEN (output is small)” format
can be implemented in two parts. The first part, “IF (error is large);’, is defined as the
antecedent and is the output from the membership functions and any associated corﬁbinatory
logic. The second part, “THEN (output is small)” is known as the consequence and appears to
be a membership function. The membership function of the antecedent is tied to the
consequence by an implication function. In binary logic, the implication function is “p => q”
where p and q are either true or false. In fuzzy logic, the linear implication function is of the

form “0.5p => 0.5q”; this means that partial antecedents imply partially.

3
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The consequence specifies a fuzzy set to be assigned to the output and the _implication
function then modifies that fuzzy set to thé degree speciﬁgd by the antecedent. A common
implication function is the mlmmum(x A)” function where x is the antecedent’s value (0 to 1)
and A 1s a fuzzy set to be assigned in the consequence. The fuzzy set A can be defined aé a
distribution and thé fuzzy implication operaior, minimum(x, A), returns A truncated at x. In
order to implement a series of rules:, one can aggregate the rule output sets into a single fuzzy
set. Deffuzification is the proceés of quantifyir;g this aggregzi;e and the centroid location of the |
aggregate fuzzy set‘ is commonly used by spftware.
Manani 5(11975’) dev1sed zi fuziy logic co‘ntroller to mimic human operator behaviour for a
Stea;ﬁfe'ngine‘;‘plan;. Hié work demonstratég the first application of fuzzy ’logic towards
-implemehting a heuristic control ;lgéﬁthm Sugeno (1985) further explored industrial fuzzy
control appliczguions but fuzzy con&oﬂcrs for closed loop drug deliver)‘l whére not closely
studied until Ying and Sheppard's work on contfolling arterial blood pressure by firug infusion
- (1988; l:992; 1994) and Linken's work on anesthetic gases (1988; 1992; Mason ang ‘Efi’nlfens

#

1994). These two areas of fuzzy control have been explored by other researchers (Meier, 1992;

-]

Oshito, 1994) but-to date, no researchers havé published any material about their work on the

application of a fuzzy logic controller towards oxygen therapy - closed loop oxygen delivery.

N\ What can a fuzzy logic based controller offer to neonatal SaO; control that a PID controller
cannot? There are three areas that adversely affect the PID controller's performanee (time spent
near target SpOz in normoxemia): the non-linearity of the oxygén transport system; its failure

L3

\
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to ignore sensor and motion artifact; the dynamic nature of the patient's physiology due to drug
therapy, increased severity of BPD, oxygen affinity change, etc. The last item causes thé
controller to go out of tune and is a problem that may be solved by iﬁtelligent control but is
beyond the scope of this thesis. This section, describes the design of a fuzzy logic controller

that will attempt to provide improved performance over the PID controller by considering the

non-linearity of the system and insensitivity to artifact. \

4.4.2 Non-Linear Controller

A common me‘thod of mmplementing a fuzzy controller is to use the error and error rate as
inputs (Driankov, pp. 103-144, 1996) which are used to implement a proportional-derivative
. (PD) controller. Error inputs have memberships associated with the fuzzy sets: positive big
(PB); positive medium (PM); positive small (PS); zero (ZO); negative small (NS); negative
medium (NM); negative big (NB). On first trial, the error rate input had memberships with
three fuzzy sets - "positive”, "zero" and "negative" - but produced an oscillatory unit 'ste.p

response so another two sets, "very_positive" and "very_negative" where added by the author.

The output is an FiO, increment/decrement which is integrated over time to produce the
controL Seven: fuzzy sets make up the universe to which "FiO2_increment” can have
membership and include: positive big (PB); positive medium (PM); positive small (PS); zero
(ZO); negative small (NS); negative medium (NM); negative big (NB). A single rule has the
form:

"if (error is PB) and (error_rate is very_positve) then (FiO2_increment is NB)"
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Table VI is a summary of the 35 rules which make up the control .law. The first row and
column represents the “error_rate" and "érror" fuzzy sets respectively; the remaining table
entries represent the resultaﬁtfi;'l,ing_incrernent" sets. The membership functions for the fuzzy
sets associated with the inputs ar; illustrated in Figure 31. Triangular and trapezoidal error
ful;ctions have been used in an effort to reduce _computational time. The "error” values greater
than +10% are all PB and less than -10% are NB. Since the physiologically significant SaO,
values are within this range, by setting these saturation points, the designer de-emphasises large
errors by setting a constant gain. Thls is one method of ignbring artifact which tends to be

outside this region. In other words, error values outside +/- 10% SpO. are suspected as

artifact.

The "error_rate" input is sensitized near zero by placing the "positive." and "negative"
membership functions within +/- 0.5 which is half the total +/- 0.1. The total range of the
“error_rate” input has been given saturation points since the open loop response of the filtered

SpO; tends to very slow.
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Figure 31. Input Fuzzy Set Membership Functions
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Figure 32. Output Fuzzy Set Membership Function.
The range of the output linguistic variable "FiO2_increment", as shown in Figuré 32, has .
been normalised so that the overall gain can be set external to the fuzzy controller - a
‘Q

convenient means of tuning it. Also, note that the positive membership functions cover half the

range as those of the negative. ThlS a method of implementing the non-linearity of the oxygen
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transport system. The slope of the oxygen dissociation. curve tends to very small above
normoxemia but large below implying that negative increments, due to hyperoxemia should be
large to effect a small SaO, decrease. Conversely, positive increment to- Counter-act hypoxia

should not have to be as large since, due to the steep portion of the curve, small O,

increments will realise large SaO; increments. |

Table VL. FiO2_increment look-up table for error and error_rate.

L

error_rate
error very positive positive Z€ero negative very_negative
PB NB ' NB NM NS Z0
PM NB NM ~. NM NS Z0
PS NM NS NS b PS
Z0 NM NS Z0 PS PM
NS NS Zo  PS  PS PM
NM .20 PS | PM PM PB
NB Z0 PS PM PB PB

A non-linear fuzzy controller was implemented for the SIMULINK neonatal model
developed in the previous chapter usi‘{lg MATLAB's Fuzzy Toolbox and is presented in Figure
33. An anti-windup mechanism was placed around the integrator to account for the blender's

21% and 100% saturation limits. The gain was set to 1.75 which is the same as used for the

~
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PID controller. Figure 34 presents thp controller's response to a target SpO; step increase from
92% to 94% at 250 seconds and a step decrease backrto 92% at 400 seconds. |
Table VII compares thé transient resp(;nses of the PID and FL controllers with respect to the
responses plotted in Figures 30 and 34. For a positive respoﬁse, the FL controller is ovér- .
damped with no overshoot. This is an attempt to get the controller to resl;ond quickly to
hypoxemia, with limited oscillation. The FL controller’s negative response shows a larger
overshoot and settling time than the PID controller. This feature was desigﬁed to bring t_hf:

neonate out of hyperoxemia quickly; especially when the FiO; levels are falsely saturated at

100% due to negative artifact.

P
Muxt @—» +
norm error| - . Vs
Fonz Gain 5 Integrator out_1
in_2 Logig g‘ ~
du/dt —» :7| Controller1 o
rate norm rate Mux ¢ \(
« Anti-Windup “pMux

Figure 33. Non-Linear Fuzzy Controller Implementation - input I (in_1) is the target SpO;
and input 2 (in_2) is the filtered SpO..

See



- T7T

Sp02 % . |
96 - — T L
| /
ol SRS A, .
92|t LW %W”MW
- i | W me

200 250 300 350 400 450 500 550 - 600
time in seconds

0.35 . . . r : : :
FiO2

0.3

0.25 . ) A s ) . .
200 250 300 350 400 450 500 550 600

time in seconds

Figure 34. Fuzzy Controller Response to Stép Target Change - 2% change increase in
target at 250 seconds and a 2% drop at 400 seconds. SpO: is not filtered.
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Table VII - Comparison of PID and FL Step Responses

Positive Response Negative Response
Algorithm My (%)  t(sec) t(sec) My (%) _ t(sec.)  t(sec.)
PD 25 15, 75 25 15 s
FL~ 0 30. >150 50 15 >200

N
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4.4.3 Artifact Detection

Artifact is an erroneous SpO: signél and can cause an aﬁtomtic controller to react and, in
turn, drive the‘ patient out of normoxemia. If a controller can correctly detect Vaitifact, it can
then be programmed to ignore the inputs for the artifact duration. One method of detecting
artifact is to use the raw (un-filtered) SpO, signal from ﬂ1e pulse oximeter and compare it to

the filtered SpO, value. Figure 35 shows a positive artifact as the raw SpO, line; the filtered

- SpO; line is also shown.
5pO; raw SpO,
Py \
- NM
artifact { .
5 \ filtered SpO,

0.63 raw SpO,

»

» time

—

filter time constant = 3.2 sec.
Figure 35. Definition of artifact

The filter's time constant is 3.2 seconds and will be used as the minimum amount of time that

A |

the controller will ignore a saturation/desaturation. Since the time constant of the open loop

-

response to a step input has a range”of 15 to 55 seconds (Section 4.3), most "true” SpO;. -
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adjustments will be tracked by the filter. An artifact, however, has a small time constant (< 0.1

seconds) and the filter will prevent an immediate jump in SpO,.
artifact = raw SpQO; - filtered SpO, ! (4.8)

Artifact, as defined by equation (4.8) will decay exponentially to about 1/3 of the total raw
SpO; value in one time constant. If we define a linguistic input variable , "artifact”, we can give

it three possible fuzzy sets - "positive_evident", "not_evident" and "negative_evident" - with

. EN
membership functions shown in Figure 36.
negative_evident not_evident positive_evident
By,
f
. ! \ 0
-100 ' -8 7 0 3 4 N 100
Figure 36. Artifact Fuzzy Set Membership Functions .

With target SpO, values set in the range of 90-95% (normoxemia), the maximum positive
artifact would be 10% SpO;. After one time constant the artifact would be about 3-4%; the
boundary between "not_evident" and "positive_evidént" has been set at this range. The author

has chosen -20% SpO. as a minimum negative artifact since 70% SpO, (20% below

normoxemia) is about the limit of a "true" desaturation. After 3.2 seconds, the negative artifact

x . ) V * -
N ’
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would be about -7% to -8% SpO: and these values have been used to set the boundary- -

between "negative_evident” and "not_evident".

All previous rules developed in Section 4.4.2 have been augmented -by "and"ing "(artifact is
not_evident)" into the combinatory logic of the antecedent. For exarmple,

"if (error is PB) and (error_rate is very_positive) then (FiO2_increment is NB)"

LY

becomes
"if (artifact is not_evident), and (error is PB) and ... then (FiO2_increment is NB)".
Also, for completeness, the following rules were added: , =
"if (artifact is positive_evidc;nt) then (FiOz_mcreant is ZO)"

"if (aﬁifact is negative_evident) then (FiQ2_thcrement is ZO)"

Artifact, as a third input, was added to the fuzzy logic controller shown in Figure 37. A test

script with positive and negative artifact was run on'this controller and the resulting SpO, and

.FiO; plots are illustrated in Figure 38. Artifact has been defined as a four second square pulse

-

' occurring-every ten seconds. Note that the negative -artifact is conipleteiy ignored (no FO;
- x 2 .

adjust;ﬁent) since its hmgﬁitude is quite large (-40%). The positive artifact are not completely’
, ) ,

hs . -
ignored and the controller eventually falsely drops the FiO; to its 21% lower lLimit which

3

desaturates the neonatal model. The rate and depth of desaturation are much less than those
from the controller without artifact detection where the controllef would have driven the HO,

setting to 21% by the end of the second artifact pulse.

R
r,‘*v‘ -
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Figure 37. Fuzzy Loéic Coniroller wi}h’ Artifact Detection.
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A final note of rca‘ution;”this artifact detection mechanism was designedand tested using a’
repeating 4 second pulse. In reality motion artifact, may be. longer and more erratic. Also,
negative motion anifaetifcan be coupled-with actual desaturation. If a neonate's heart rate is
“actually erratic and showing signs of instabﬂity or slo“Wing‘ down, the SaOz values w1ll also
begin to quickly drop. Since the pulse'oximeter triggers on the heart rate, an erratic heart signal
will result in the pulse oxirnetér reporting artifact-like SpO, yalues. These Sp({z.value_s, though
lower than actual Sa0, values do, however, report the trend of a desaturation and,‘in this case,
~should not Vbe 'ignored. ~The'purpose of designing thls artifact detection algorithm was-to

demonstrate the pOtentia]' of such a mechanism using fuzzy logic.-
4.5 Summary

This chapter describes the design of four control algorithms - manual.’ PID, fuzzy ,l'ogic and.
fuzzy logic with artlfact detection each of whrch w111 be tested in Chapter 5 usmg the three
yineonatal model test senpts developed R Chapter 3 Manual control 1S charactenstxc of oxygen
therap; as abserved by the author in the neonatal nursery; rmmmal to no FlOv adjustment if the
mfant stays w1th1n normoxemla A PID controfler was designed using gams empu‘xcal]y deﬁned*"
" in the nursery w1th-a-'prototv,p,ef controller built by ’the'author n prevrous vears.‘These gams
were also vertied -by using the apen loop response to step FiO,, incremegts. Fuzzy logic was
used te irnplernenta non-liriear controtlerthat,'gave good résponse to akst‘ep target chiange. 1he

 rion-linearity' of the neonatal’ oxygen transport ‘'system was accommiodated by setting the

output's possible positive fuzzy sets to cover nalf the range of, the’ negative fuzzy sets. This
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resulted in positive gams lower than neganve edes as are nn;dhed by the oxygen dlssoaatlon
curve. A method of detectlng false readmgs, artlfact, was added to the non—hnear controller to
produce the fourth algdntmn Ar_tlfact is deﬁned as the difference between non-filtered and
filtered SpO; values and' 1sused/a{§/ a third input into -the fdzzy codtroller. As long as artifact is
. greater than 4% or lees,thah ';-8% SpOz, the controller will ignore the error and error rate. On

test data, the controller completely ignored negative artifact and reacted slowly to positive

artifact.
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SORESULTS ANDDISCUSSION .~ - .~ . . . . "

5.1 Introduction l

Four o;(ygen therapy controllers developed in the previous chapter are appliedx to three
neonatal models designed in Chapter 3, Each neonatal model-represents one hour of behaviour
for a specific type of infant and each is characterised by rrrotion‘ar’tifact;'Shunting- and, in one’

;model,‘anOz dissoclation curve shift. The thhing and n}agniwtudeo'f these et/ents are identical
- lor the'four tests: perforrrled on each’ modeL Figure \39’" prese’htsjth.e clOsed loop test‘_'
enviromnent. Three ‘controllers, PID, fuzzy log‘ic (FL) and fuzzy legic with motion artifact
' (F'LA) are shown and along the bottom is the data haryesting mechanjsm ln\{the lon?er 'right.of
Figure 39 the;event control functions for each *‘neonate“type are presented. An initialisation ‘

" routine, “initepml.m”, (see Appendix ) must be run before the srmulat1on is started Mrmmum

4
step size is set to (). 005 and the Adams/Gear method is selected for numerical mtegrat1on :

. v - . . ¥
. . .
]

. A target va]ue of 92% Sp()z was chosen by the author for all l\ experrments Normoxemta

[

for this drseuss1on will be deﬁned as SpOz between 90% and 95% The target is jUSt below the

mean "of normoxemia, representatwe ofa chmcal target value

S, .
<

For each hexperime'”nt, w1th the‘ exception of manal mode, “SpOz and zFiO; values sarrlpled at
1 Hz. are plotted The ﬁrst 200 seconds of each experunent is rgnored since it contams the ’
start up transient. A htstogram representlng the percentages of expenment duratron spent at - F
SpO: values is also used as a- graphrcal representatron of the controllers performance BN

!Quahtatrvely speaking, good 'performance is_represenied by a tigh‘t. distn'butioni on the .

M A
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histogram with a large*peak at the 92% SpO. target. A method of quantifying the target

performance and comparing controllers is to look at the percentages of time spent by each af
+/- 0.5% SpO, of target (defined as “at target”) and +/- 1.5% of target (defined as “close to
: . A o

target’’). Higher values of each generally imply higher target performance.

L
-

The purpose of manual mod;, is to model oxygen therapy as it would be applied in t.he clinical
setting where the purpose is to maintain normoxemia rather than a specific target SpO.. A
compﬁr'mon betweén manual mode and the automatic controllers, with respect to at target,
close to target, or normoxemia, may not be completely valid for this reasc')n.

In some sense, for the Baby | and 2 models, manual mode is representative of an open loop
or fixed input system since no FiO, adjustments are made during their"respective experiments.
The author has chosen to list the manual mode “at target” dnd “close to target” percentages in
the results table flor completeness and as a mechanism for limited comparison. Along th'Ls;
theme. the percentages of experiment duration hypoxemic (< %% SpO.), normoxemic (90%
to 95% Sp0O») and hyperoxemic (> 95% SpO») are tabula:ed even though the automatic
controllers were not directly deSigned to maintain normoxemia. The generz;l point of
corriparison will be how one control algorithm effects another’s standard.

This chapter presents and di.iCUSSCS the results from each controller's application to each
neonatal model - Baby 1, Baby 2 and Baby 3. The overall performance of the controllers is

then presented and discussed.
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Figure 39. ()xyéen Therapy Development Environment

5.2 Baby 1 Model .

Baby 1 model represents a rélatively stable neonate, starting out with a 20% puln?;)nary shunt
(S3) which increases 10% every 20 minutes as shown in Figure 40. This model, however,
represents an act°ive infant; positive and negative motiqn an;ifact are frequgnt but their pattern is
repeéted every 20 minutes as shown in the SpO, plot fo>r"_f'rmnual mode (Figure 41). This is
unrealistic but provides us with feedback on the controller and model response to artifact at

three separate levels of pulmonary shunt. In this diagram one can also see the step SpO drops

at 1200 and 2400 seconds in response to the 10% S3 shunt step increases. FiO, is maintained
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at 30% and the resulting SpO; histogram is presented in Figure 42. The histogra.m disftri\mtion

o

_ is broad but shows an infant model that spends almost 90% of-its time in normoxemia

(assuming that the infant is Normoxemic during artifact).

1 | L L
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_1 L 1 I -
10 1000 2000 3000 4000
0 .
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0 50 ) 1000 2000 3000 4000
| .
N
S3 . N
0 i 1 - 1
0 1000 2000 3000 4000
100 v - . A . J
. motiop
-100 i F— - .
1 1000 2000 3000 4000
02 shift ' ' '
0 - 4.
0 1000 2000 3000 4000

Time in Seconds

Figure 40. Baby 1 Model Disturbances

Figures 43, 44 and 45 represent the PID controllers SpO: plot, FiO, plot and SpO, histogram

for Baby 1. The FiO, plot shows the controller's false reaction to artifact by driving the blender
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toits gatij;ration points. This results in the saturation and desaturations sﬁéwn after the anifacf .
events in the SpO; plot. The distribution in the Spbz histogram has a large peak at target but
also some time is spent in hyperoxemia. Note, from the SpOz plot, that as the S3 shunt
i(lcreases, the overshoot decreases since the maximum SpO, value drops. Unfortunately, a
reduction in overshoot does not improve the situation because coupled with this behaviour is

"an increase in the time constant (see section 4.3 for a discussion of this feature).

SpO; plot, FiO;, plot and SpO, histogram for the fuizy logic (FL) controller are shown in
Figures 46, 47 and 48 r*especti;/ely. The FO; plot, like that of the PID controller shows the k
false reaction to artifact but, in ;he casehe FL cor;troller, it does not reach the .blender's
upper limit. This isy due to the non-linear mechanism in this controller which produces positive
increments at almost half the value of negative ones (sée éection 4.4.2). T};e SpO, histogram
illustrates a very good distribution. .

Data from the fuzzy l,ogic controller with ;lnifact gdetcction (FLA) is preseqted n Figl}res 49,
50 aﬁd 51. The SpO, plot shows a very well regulated system with minor desaturations due to
graduated false responses to pc;sitive motion’ artifact. The FiO, plot, Figure 50, shows a small
FiO, bandwidth with the average stepping from 28% to 30% to 32% in response to the 10%

] S3 shunt increases at 1200 and 2400 seconds. These averages confirm that 30% for manual

mode is a realistic v;llue. A large peak, about 45% of experiment duration, is defined in Figure

51, the SpO, histogram. Ignoring thé artifact time (at 80% and 100%) no time is spent in

hyperoxemia and only about 5% of the experiment duration is spent in hypoxeg;ia. .
R
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Table VIII summarises the controllers’ target -performance by listing the percentages of

experiment time spent at +/- 0.5% SpO, of target and +/- 1.5% SpO, of target. From this table,

*

ih terms of at target, the FL and FLA controllers provide a the best improvement of

performance over PID and manual modes. In the wider error band, +/- 1.5% SpO, of target,
_ ~ !
the FLA controller provides a 20% experiment duration improvement in target performance

over PID control. For Baby 1, the FLA coBtroller provides the best target performance. Table

[X lists the normoxemic performance of the controllers. The PID controller has the largest
percent of experiment duration hyperoxemic as a result of its slow return. from artifact invoked

saturation. The FLA controller has the best normoxemic performance.

L

Table VIIL Target Performance of Controllers on Baby 1 - model is-relatively stable but ‘

has many varied motion artifacts. Initial 20% S3 shunt degrades 10% every 20 minutes.

Controller % of experiment duration
, s{%
+/- 0.5% SpO, +/- 1.5% SpO»
Manugl 22.44 54.47
PID | 39.50 e 63.03
FL = 4544 | 76.26

FLA 46.59 82.74
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Table IX. Normoxemic Performance of Controllers on Baby 1

3

Controller % of experiment duratjon
Hypoxemic Normoxemic * Hyperoxemic
Manual 12.88 87.12 0
PID 3.35 86.00 10.65
FL 752 90.78 \170
FLA 5.18 94.82 )
i
ji%;

\

Fd

! “;/
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Baby 1 SpO2 Histogram - Fuzzy Logic Control
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Baby 1 SpO2 Histogram - Fuzzy Control with Artifact Detection
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5.3 Baby 2 Model
This model represents a neonate with varying pulmonary (S3) and cardiac (S2) shunts which
- are summarised in Figure 52. After the first ’260 seconds of transient activity, the S3 shunt is
held at 30% while an S2 shunt is varied from 5% to 20% in 60 second bursts. A few motion -
artifacts are enabled/disabled for the period of 1000 toa 2000 seconds. Between the tlmes of
2000 and 3500 seconds ‘various combinations of shunting and motion artifact are produced;
_ notably at 2150 seconds, the S3 shunt is increased from 20% to 30% (with $2 shunt held at
20%) while a positive artifact is produced. This event should cause the automatic controllers to
drop the FiO, while the model's Sa0; is actually. dropping, amplifying the severity of the
desaturation. At 2540 seconds, the S3 shunt is reduced to 10% from 30% (with the S2 shunt
held at 5%) while a negative artifact is produced. This event should cause the automatic
controllers to falsely increase the FiO, while SaO, levels are increasing - amplifying
hyperoxemia. The ﬁnal 210 seconds of the test represent 30 second periods of S2 shunting

between 5% and 20% with an S3 shunt of 30%. In summary, this model represents an unstable

neonate that is relatively inactive.

Figures 53 and 54 represent the manual mode SpO: plot and histogram respectively. The
FiO, was held at 35% for the duration of the experiment and the SpO, histogram shows a two
- peaked SpO: distribution. The largest peak is at the target and only a slight amount of time is

spent hyperoxemic. Generally, this infant stayed in normoxemia for at least 95% of the test.
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PID controller output is illustrated in Figures 55, 56 and 57. The SpO; plot shows a high

Fl

overshoot in reaction to the artifact. It also shows that the frequent shunting between 300 and
1000 seconds and at the end of the experiment cannot be regulated well by the PID controller.
The FO; plot in Figure 56 shows the controller pushing the blender to its limits in response to

motion artifact. The SpO; distribution shown in Figure 57, however, is quite good with a large

peak at target and tight distribution.
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Figure 52. Baby 2 Model Disturbances
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The fuzzy logic controller SpO, piot in Figure 58 is much better than the PID's SpO; plot. It
appears to the author that the FL controller tracked the frequent shunting and did not dﬁvé the
blender to its upper limit as a result of ’negative artifact. Also note, from Figure 59, the FHO;
plof, that the FL controller is quicker to return from a high FiO; setting than the PID controller.
An 88% FiO, peak occurs at 1800 séconds as a result of the negative artifact. The FL
histogram presen;ed in Figure 60 is-very tight with over 80% of the experiment duration spent

within +/- 1.5% SpO: of target.

SpO:; plot, F103 plot and SpO: histogram for the fuzzy logic controller with artifact detection
are presented in Figures 61, 62 and 63 respectively. This controller ignored all negative artifact
and so it did not amplify the severity of the shunting condition at 2540 seconds. Also, as shown
_n 'the FiO, plot, the FLA controller did not drive the blender to 21% as the PID and FL

controllers did. This implies that the reaction to the positive artifact was not as severe. The'
SpO- histogram shows the best performance of the féur controllers with a large peak of 50%
experiment duration spent within +/- 0.5% S})O_» of target. The distribution is very good with
87% of the experiment duration spent within +/- 1.5% SpO- of target.

Table X summarises each controller's target performance by listing the percent of its
experiment duration within +/- 0.5% SpO. and +/- 1.5% SpO. of the 92% target. The PID

controller offered improved target performance over manual mode by increasing the time

within +- 0.5% SpO, of target by 1% and providing an 11% experiment duration
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improvément within +/- 1.5% SpO; of target. The FL controller spent 4% less time than PID

mode within +/- 0.5% SpO; of target but a 2% ifprovement with regards to time spent within
. . N

+/- 1.5% SpO of target. .-

In terms of the data in Table EX, and with respect to PID control, the FLA controller
provided the best target performance with a 1% increase in time spent at ;arget and a 9%
increase in time spent close to target. The results of normoxemic performance are summarised
in Table XI. The PID and FL controllers spent less time normoxemic than manual mode.
However, the FLA controller provided the best normoxemic and target performance.

Table X. Target Performance of Controllers on Baby 2 - model is relatively unstable and
has less motion artifact events than Baby 1. S3 and S2 shunt percentages are varied.

i

¢

Controller % of experiment duration
+/- ().-SA% SpO, _ +/-1.5% SpO,
Manual .48.32 , 6?.%.5()
PID - 4988 ' %0.03
FL 45.62 82.29

FLA 51.41 | 89.29




Table XI. Normoxemic Performance of Controllers on Baby 2
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Controller % of experiment duration

: Hypoxemic Norméxemic Hyperoxemic
Manual 0 | 94.18 5.82
PID . 3.41 , 91.91 4.68
FL | 7.38 - 91.14 1.48
FLA 1.94 | 98.06 0
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100

95
90+

85

80

751

T

70

65

55

T i ki T

1 1 1 1 1

50

1 1
500 1000 1500 2000 2500 3000 3500 4000
time in seconds :

Figure 53. Baby 2 SpO; Plot - Manual Control
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Baby 2 SpO2 Histogram - Manual Control
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Baby 2 FiO2 Data - Fuzzy Logic Control
) 07 T T T T T T T

0.65F ' .

0.55} ‘ -

[4Y)
Qo0.45+

[
0.4}
0.35}

03+

0.25} ' b

0.2 1 i 1 ] L 1 Ik
0 500 1000 1500 2000 2500 3000 3500 4000

time in seconds

Figure 59. Baby 2 FiO, Plot - FL. Control



114

Baby 2 SpO2 Histogram - Fuzzy Control
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Baby 2 SpO2 Histogram - Fuzzy Control with Artifact Detection
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5.4 Baby 3 Model |

The main feature of this experiment is that the oxygen affinity decreases at 1860 seconds by a
right shift of fhé oxygen dissociation curve. The shunting patterns during the first half of the
3600 second experiment are repeated in the second. These patterns represent an unstable
infant, starzing at 200 seconds, with the S3 shunt held at 20%, the S2 shunt is toggied between
10% and 30% at 30 second intervals. At time 460 seconds, the intérvals are iIIcrefised to 60‘
seconds until a time of 1000 seconds. The period is then reduced to 15 seconds from’time 1075
to 1300 seconds. For the next 300 seconds, various $3 and S2 shunting combinations are
implemented. At 1600 seconds, motion artifact is produced to mimic physiotherapy, drug
therapy, blood transfusion, etc., and at 1800 seconds the O, dissociation curve is right shifted

to a shape similar to a healthy infant with mostly adult hemoglobin in its bloodstream. Figure

64 summarises the baby 3 model disturbances.

Figures 65 and 66 are the SpO, manual mode raw data plot and its associated histogram -
~ respectively. The histogram shows that even though the model spent 25% of its time within +/-
0.5% SpO, of target, the model was in normoxemia for at least 95% of the experiment

duration.

PID control data from the Baby 3 experiment is presented in Figures 67, 68 and 69 - SpO,
plot, FiO» plot and SpO; histogram respectively. The SpO; plot shows the controller's inability
to regulate the pulsed shunt conditions characteristic of this model. The motion artifact also

drives the controller's output to both saturation points as shown in the FiO, plot. Also, note
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that the outputs are lower before the O, dissociation curve shift. This makes sense since at a
higher O, affinity, oxygen bonds more readily to hemoglobin (Le. at lower PaO, levels). PID

control resulted in a defined péak but a slight hyperoxic skew as shown in the histogram plot.
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Figure 64. Baby 3 Model Disturbances - O2 shift of 1.0 represents an increase in 02
affinity.
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The non-linear fuzzy logic SpO; plot, Figure 70, shows the pulsed shunt disturbances but
they are not as large as those for manual or PID éontrol. Reviewing the FL controller plot,

Figure 71, shows a very fast response to the SpO; fluctuations as compared to the exponential

very tight but slightly skewed below target. This behaviour is discussed in the previous chapter

- the FL controller is fast to get close to target but slow to reduce small errors to zero.

Since the fuzzy logic controller with artifact detection is a super-set of the FL controller, its
response to a model with minimal artifact, like Baby 3, should be similar. The FLA SpO, plot
in Figure 73 is very similar to the FL. SpO, plot in Figure 70; the only difference occurs at the
three motidn artifacts. Two negative artifacts are completely ignored by the FLA controller and
it drives the nﬂodel slightly hypoxemic as a result of the single positive motion artifact event.
This bebaviour is also illustrated in the FLA FiO, plot in Figure 74 whére ~;u1§”Fi02~is held

5
constant for the negative motion artifact and slowly gradua-ted downwards for positive. Like

the FL controller, the SpO, histogram in Figure 75 has a large peak slightly below target.

Table XII summarises each controller's target performance. In terms o% percent of experiment
duration within +/- 0.5% SpO, of target, the FL anci ‘F_LA controllers were better than PID and
manual modes. Also, within +/- 1.5% SpO, of target, the FL controller showed a 3%
(experi:;éht duration) improvement over PID control and the FLA contro‘lle‘r improved upon
PID control by 8%. Table XIII lists the controllers’ normoxemic performance and the FLA

controller provided the best with a 2% experiment duration increase over manual mode.

~

shaped responses for the PID controller shown in Figure 68. The FL histogram in Figure 72 is » -
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Table XII. Target Petformance of Controllers on Baby 3 - model is unstable, has three”

motion artifacts. Oxygen dffinity decreases at 30 minutes.

Controller % of experiment duration
+/- 0.5% SpO;, +/- 1.5% SpO,
Manual 25.65 | 83.12
PID 38.12 83.85
FL 39.79 86.88
FLA - . 40.26 91.15
3

W

Table XII1. Normoxemic Performance of Controllers on Baby 3

Controller % of experiment duration
Hypoxemic Normoxemic Hyperoxemic
Manual 3.02 96.98 0
PID 1.03 93.50 5.47
FL 2.24 96.55 1.21
FLA 0.87 99.13 0
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Baby 3 SpO2 Histogram - Manual Control
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Baby 3 SpO2 Histogram - Fuzzy Control with Artifact Detection
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5.5 Total Contrqller Performance.

!

Table XIV lists the average target perfonﬁance of the controllers and is produced by
averaging the percents of Aexperiment duration spehgat +/- 0.5% and +/- 1.5% SpO, of target.
The automatic controllers provided an improved target perfonnance over manual mode with
the FLA controller providing‘th‘e best. Listed in Table XV are the average normoxemic
performances angi the FLA contréiler is best. Note that the PID controller, on a;/erage, did not

improve normoxemic performance over manual mode but with regards to target performance it

oy
w

A :
out of normoxemia and, after the artifact, quickly back to target. The Baby 1 model had many

did. This implies that the PID controller’s false response to artifact caused it to push the model

artifact evénts and the PID normoxemic performance is the worst of all four modes. The fuzzy
logic controller provided, on average better target and nbnnoxemic performance than the PID
controller and was as good as manual modes. Overall, the fuzzy logic controller with artifact
detection provided the best target and normoxemic performance.

-

Table XIV. Average Target Performance of Controllers

Controller % of experiment duration

+/- 0.5% SpO; +/- 1.5% SpO-
Manual 32.14 68.70
PID 4250 - 75.64
FL 43.62 - 81.81

FLA 46.08 87.73
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Table XV. Average Normoxemic Performance of Controllers

Controller ‘. % of experiment duration

Hypoxemic _ Normoxemiic Hyperoxemic
‘Manual 5.30 92.76 1.94
i’ID 2.60 90.47 6.93
FL 572 92.82 1.46
FLA 2.66 9134 | 0

The FLA controller was within +/- 0“5:,'7@ SpO, of target 13.94% longer than manual mode
and, over 3 hours, this represents an extra 25.09 minutes. Over a 24 hoLlr period we would get
an extra 200.74 minutes (>3 hours) closer to target than manual mode. Looking at
.. performance in terms of +/- 1.5% SpO; of target, the FLA controller was better than manual
mode, oﬁ average, by 19-.03% which over ‘a 3 hour period translates into 34.25 minutes of
improved O, therapy. This means that for a 24 hour period, the FLA controller may keep the
models within +/- 1.5% of target 274.03 minutes (4.5 hours) more than manual mode. If the
model was run for two weeks - O, therapy is often required on infants fdr this period - the
model under FLA control would stay within +/- 1.5% SpO, of target 63.94 hours (2.66 days)
more than that of manual mode. Of course, one would have to assume that the baby retained
the physiological behaviour of only the thrée models during' this. period. With respect to
normoxemic performance, the FLA controller spent 4.58% more time in normoxemia than

manual mode. This translates to an extra 65.95 minutes per day: or 15.39 hours per two weeks.
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Manual mode tends to keep the infant in normoxemia for a large (>90%) duratioﬁ of the O,
therapy session. The SpO, histograms show two trends. If the model is at target (within +}-
0.5% SpO.) most of the time in manual control, as in Baby 2, the automatic’col;trollers will
only slightly increase this time but will tighten the distribution and increase (> 20%) the amount
of time within +/- 1.5% SpO: of target. The second trend is shown in Baby 3, a model in which
manual mode produces a small duration at target but a large portion within +/- 1.5% Ssz of

target. In this case, the automatic controllers only slightly increase the +/- 1.5% SpO; duration

but greatly (> 50%) increase the amount of time spent at target.

The data suggests that the fuzzy logic controllers are better than manual mode at keeping the
model close to target, but only as good or slightly better at keeping the model in normoxemia..
Some readers may propose that, if normoxemia is only required, in the clinical setting, the

controller is not necessary. The author disagrees with this point for the following reasons:
{ )

-

- Assistant to Nursery Staff

The controller can augment manual O, therapy. Just because, in manual mode, a few FiO,
increments are required, it doesn't mean that the neonate is ignored. Clinical staff must always
* be aware of a neonate’s SpO, levels which can be distracting when trying to perform other

duties.
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Does not Degrade O, Therapy

4

The 3 automatic controllers did not make a good situation (patient within normoxemia most
of the time) worse. This type of performance give the nursery staff confidence in the instrument

and a willingness to allow it to manage more labile neonates.

Research into Specific SpO, Targets

Automatic controller can provide a tight error band width around a specific target. This can
alloYv rese;irchers to explore the effect of various SpO; levels. What is an optimal SpO, setting?
Should SpO: set points be shifted with changes in a patient's condition? Can specific SpO;
| levels be-correlated with BPD, ROP, etc.? These are only a few of the types of questions that‘

can be explored using automatic oxygen therapy.

Labile Babies

The neonatal models presented in this thesis are representative of stable and unstable infants

that generally stay within normoxemia. What about infants that are constantly swinging in and

"“ -

out of normoxemia? The PID controller used in this “tilesi;s*wz?s validated previously in the
nursery environment (Morozoff, 1994). The results of this PID controller showed that it
performed better (with respect to target and normO)'(emic performance) than manual O; therapy
on stable and labile neonates. This implies that the fuzzy logic controllers, since they performed
better than manual and PID control in the models, may also perform better than the two in the

clinical setting on the same type of patients.
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5.6 Summary

The four controllers - manual, PID, fuzzy logic and fuzzy logic with artifact detection - are
applied to each neonatal model. SpO; plots, FiO, vplot>s and SpO:; histograms for each of the 12
experiments are presented. At target is defined as target +/- 0.5% SpO.. Close to target is
defined as te;rget +/- 1.5% SpQO,. Target performance is related to the'percent of experiment
duration spent at and close to target. Normoxemic performance is a function of the percent of

experiment spent in normoxemia - 90% to 95% SpO-.

Fuzzy logic control with artifact detection consistently provided an improvement in target
and normoxemic performance over the other three. Even though manual control provided a
good distribution of time spent within normoxemia (90% - 95% SpO»). the automatic

controllers improved either the percent of time spent at or close to target.

The PID controller provided improved target performance over manual O, therapy in the
model and, earlief, in the nursery. Since the fuzzy logic and fuzzy logic with artifact detection
provided better target and normoxemic performance than the PID ’controller, the author
Suggvests that the fuzzy controllers will perform better than manual mode in the nursery

environment.

P
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6.0 SUMMARY AND CONCLUSIONS

Premature babies are often born with underdeveloped lungs and require fhe administration of
elevated levels of oxygen thréugh mechanical ventilation. This process is known as oxygen
therapy and clinical staff often use the output signal from a pulse olximeter, SpO,, as an indirect
indicator of tissue oxygenation. A mechanical air/oxygen gas blender is used to administer a
percentage of fractional inspired oxygen, FiO,. Hypoxemia may result when SpO, levels
indicate low tissue oxygenation and may lead to permanent brain damage if frequent and
prolonged. High levels of blood oxygen saturation, as indicated by highlSpQ;, may lead to
bronchopulmonary dysplasia (chronic lung disease) and/or retinopathy of prematurity (retinal
damage). Normoxemia is a “safe” range of SpO. and may be defined as Y0% to 95%
saturation. Researchers have produced automatic SpO, controllers but this thes'L: is the first

known analysis of one that uses a fuzzy logic based algorithm.

As oxygen moves from the mouth to the lungs its partial pressure drops. At the alveoli it
diffuses across the lung walls into the pulmonary capillary blood where a small portion is

dissolved. The majority of the oxygen is bonded to hemoglobin, related to the partial pressure

of O in the blood by the oxygen dissociation curve. The SaO;, or blood oxygen saturation, is a -
measure that indicates the percentage of total hemoglobin bonded with oxygen. A computer
model of this oxygen transport system was developed and contains a 4 compartment
respiratory system linked to a 13 compartment cardiovascular circuit. The model vwas first

developed for an adult and then scaled to represent a neonate using empirical data and
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mammalian scaling functions. Three one hour supervisory programs were written to represent

g

e > 3 neonate types: Baby 1 - stable but active; Baby 2 - unstable and not active; Baby 3 - unstable,

Z

“.¥= 7" not active and changing oxygen affinity.

B
4

Four controllers we;e developed - manual, PID, fuzzy logic (FL) and fuzzy logic with artifact
detection (FLLA). Manual mode was designed to represent actual clinical oxygen therapy where
the emphasis is on keeping the infant within normoxemia rather than at a specific target. The
PID controller gains were set from empirical values that were also confirmed by the literature.
A (lon-ﬁnear fuzzy logic cont;oller ‘was developed around 35 rules. It uses two inputs, “error”
and “error_rate” to formulate a single output, “FiO2_increment”, which is integrated to
produce an FiO. setting for the blender. The fuzzy logic controller with :rtifact detection
consists of the FL controller augmented with a third input, “‘artifact”, whjch is defined as the
difference between the filtered and non-filtered SpQ. signals. When “artifact” is detected
(greater than 3% to 4% or less than -7% to -8%), the FLLA controller ignores the inputs and
makes no FiO2 adjustments until the “ar;ifact” is not evident.

'Each control algorithm was applied to eacl; of the three neonatynodek and the resulting
data showed that the fuzzy logic controller with artifact detection providéd the best
performance. Target performance is measured by the percent of experiment duration at target
(+/- 0.5% SpO:) and close to target (+/- 1.5% SpO,). These were increased, on average, by
12% and 13% respectively by the automaﬁc controllers over manual mode. The PID controller

produced better target performance manual control and the fuzzy logic controller was better
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than both. Appljed to a neonatal model with minimal artifact, the FLA controller provided,
understandably, oﬁly _a minor target pg:.rfonr!ance improvement ower the FL controller.
Normoxemic performance 1smcasured by thepercent of experiment duration which the rﬁodel
stays within rionnoxenﬁa:(‘;(jé% to 95% SpOz) The PID controller on average, provided a-
slightly worse normoxemic performance than manual dee..Fuzzy gogic control had as good a
normoxemic- performance as manual mode and the FLA controller was better than both. In
summary, the fuzzy logic controller with artifact‘cv_ieteétion provided the best target and

: B
normoxemic performance on all three neonatal models.

The PID controller is based on one that produced good results - better target and
normoxemic performance than manual control - in the clinical sefting on a variety of neonates.
Since the fuzzy logic controllers were better than the PID controller on the models, the author

suggests that they may also perform better than manual mode in the nursery.

The controllers developed in this thesis can c;nly be as good as the model. For this reason,'the
author feels that the focus of further development should be on improving the neonatal model.
The addition of pulsatile blood flow may allow researchers to study the effect of heart rate on
Sa0: and SpO,. If the model was packaged and disseminated to the medical community,

perhaps medical personnel could produce new and varied test scripts for controller verification.

Further development of the controller is also required to fine tune the fuzzy logic algorithm.

Perhaps the addition of inputs such as heart rate, motion detection, etc., will improve artifact

’ ‘ \



141
detection. Exploring supervisory and adaptive systems may produce controllers that can adapt

to a neonates changing physiology. The author also believes that validating the fuzzy

controllers in the clinical setting may provide further information towards improving both the

neonatal model and controller algorithms.
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Appendix A. Neonatal Model lnitialisation/\Progmm.



% Initnnl.m - nnl.m tnitialization program

% Sept. 16, 1996

% run this m-file before running the simulink program
% ,
% This model is built from two sub-systems, the first is the pulmonary model and
% is based on the pulm1.m file. The second is the blood circuation system. It is
% different from earlier versions in that this model uses the SvO2 '

% value in its control loop. It also uses a default 10% shunt across the lungs to

% represent the pressure drop there. With the O2 consumption set at about 20%
% we get Sa02 = 96% and SvO2 =77%

%

% "nnl.m" is essentually the same as "pulmcd3.m" except that this model has

% been altered to accomadate a neonates physiology. Key parameters include

% breathing rate, lung volume, compliance, resistance, heart rate, blood

% velocity, cardiac chamber sizes, etc.

% the following are global variables that are effected by shunting conditions
.
% SHUNT_1 SHUNT_2 SHUNT_3

% The following constants are used with the neonatal pulmonary model
% .
% mouth compartment

Rl =14.62;
C1 =0.000013;
%R1=10;
%C1=10.001;
QlU=0.790;
QII1C =0.792;
invCl = I/Cl;
invR1l = I/R1;
% trachea compartment
R2 =4.825;
C2 = 0.00004;
%R2 =0.33;
%C2 = 0.002;
Q2U = 0.160;
Q21C = 0.193;
invC2 = 1/C2;
invR2 = 1/R2;
% bronchi compartment
R3 =47385;
C3 =0.00013;
%R3 =0.3;
%C3 = 0.007;
Q3U = 0.350;
Q3IC =0.494;
invC3 = 1/C3;

invR3 = 1/R3;

143
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% alveoli compartment
R4 =1.17;

C4 = 0.002;

%R4 =0.08;

%C4 = 0.100:;
Q40=17.87;

Q41C = 10;

invC4 = 1/C4;

invR4 = 1/R4;

% The following constants are used with the pulmonary adult model
%

% mouth compartment

% R1=1.0;

% C1 =0.0013;

% Q11U = 40;

% Q1IC = 40.325;

% invCl = 1/C1; »

% invR1 = I/R1; p

<
MO 97
D ghs .
= ) -\—@é’;\\. Lo
ABC

% trachea compartment o
% R2 =0.33;

% C2 = 0.004;

% Q22U =28:

% Q2IC =9.8;

% invC2 = 1/C2;

% invR2 = 1/R2;

% bronchi compartment

% R3=0.3;

% C3=0.013;

% Q3U = 18; m e
% Q3IC = 25; <
% mmvC3 = 1/C3;

% invR3 = 1/R3;

9% alveoli compartment
% R4 = 0.08;

% C4=0.2;

% Q4U = 400;

% Q41C = 508:;

% invC4 = 1/C4;

% invR4 = 1/R4;

.

< 9% Rideout's concentration calculations for a 10 compartment model of the
% blood circulation system with three shunts - a pulmonary shunt between
% compartments DP1 and DP2 and two right to left shunts between compartments
% 7 and 3 and 0 and 4
%
% Note that the input and output flows, FP and FA are small compared to the total
% blood flow, FB, of the system. FB, for a neonate this is about 16.7 inl/s while the
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% rate of O2 uptake for a 1.5 Kg neonate is about (.25 ml/s.

% ‘
% See Page 139-149 of his text and see Simulink program ridesim3.m for a schematic
% <

% Compartment (} => right ventrical (mixing) -

% Compartment 1 => pulmonary artery (mixing)

% Compartment DP1 => pulmonary capillaries (delay)
% Compartment DP2 => pulmonary capillaries (delay)
% Compartment 2 => pulmonary vein (mixing)

% Compartment 3 => left ventrical (mixing)

% Compartment 4 => left aorta (mixing)

% Compartment 5 => systemic artery (mixing)

% Compartment 6 => systemic vein (mixing)

% Compartment 7 => right atrium (mixing)

% Compartment time constants - they should sum to about 9 seconds
% Dawson's book was used to calculate the volumes as a function of
% the percentages of adult values.
%

Y
adults circulation_time = 40.0;
neonate_circulation_time = 9.0;

9% time constants are equal to volume/flow
%(7(,
% Volumes in ml.

global VOLUME_CHAMBER_0;

global VOLUME_CHAMBER_I;

global VOLUME_CHAMBER_2:

global VOLUME_CHAMBER_3;

global VOLUME_CHAMBER 4

global VOLUME_CHAMBER_S;

global VOLUME_CHAMBER_6;

global VOLUME_CHAMBER_7;

global VOLUME_CHAMBER _PC_IN;
global VOLUME_CHAMBER_PC_OUT:;

% neonate values calculated by pro-rating the time constants from adult
% values. From neonate time constants, Volume = T*FB
VOLUME_CHAMBER_0 = 4.68;
VOLUME_CHAMBER_I = 9.39;
VOLUME_CHAMBER_2=4.68;, __
VOLUME_CHAMBER_PC_IN =9.40; :*
VOLUME_CHAMBER_PC_OUT = 9.40;
VOLUME_CHAMBER_3 = 4.68:;
VOLUME_CHAMBER_4 = 28.22;
‘“VOLUME_CHAMBER_5 = 7.51;

VSI = 15.03;

_-VS2=15.03;

VOLUME_CHAMBER_6 = 37.58:



VOLUME_CHAMBER_7 = 4.68;
VOLUME_CHAMBER_TISSUE = 30.06; % tissue volume

% adult values

% VOLUME_CHAMBER_( = 125;

% VOLUME_CHAMBER_1 = 250;

% VOLUME_CHAMBER_2 = 125;

% VOLUME_CHAMBER_PC_IN = 250;
% VOLUME_CHAMBER_PC_OUT = 250;
% VOLUME_CHAMBER_3 = 125;

% VOLUME_CHAMBER_4 = 750,

% VOLUME_CHAMBER_5 = 200;

% VS1 = 400;

% VS2 =400;

% VOLUME_CHAMBER_6 = 1000;

% VOLUME_CHAMBER _7 = 125;

% VOLUME_CHAMBER_TISSUE = 800); % tissue volume

% Input frequency

FREQ = 0.417 % neonate at 25 bpm

% FREQ = 0.60; % nconate value 36 bpm

% FREQ = 0.23; % adult value

Pl = 3.1415927;

W = 2*PI*FREQ;

% Amplitude = 3600; % neonate pressure amplitude - too high]
% Amplitude = 3000; % neonate pressure amplitude
Amplitude = 2200; % neonate pressure amplitude - close but a bit low
%-Amplitude = 800 % neonate pressure amplitude

% Amplitude = 1200; % adult pressure amplitude

Offset = -120;

% fractional neonatal O2 variables
QIXIC =0.137;
Q2XIC =0.039;
Q3XIC =0.090;
Q4XIC = 1.624;

% fractional adult O2 variables

v/ - s
s

% QIXIC =17

% Q2XIC =2.0;
% Q3XIC =4.6;
% Q4XIC = 83;

FB=16.7; % blood flow in ml/sec.

%FB = 100; % adult value

global MAXX; o

MAXX =0.224; % max volume of O2 per litre of blood
%PVX =40; % pumonary venous O2 pressure, 8
%PVX = 45;

PVX =3§;
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PATM=760; % Atmospheric pressure in mmHg

% neonate dissociation curve < ; t
PAO2 =10.0, 1.1, 3.66, 12.8, 18.3, 27, 32,37, 40.8, 48. 60, 300, 8001];
SAO2 =10.0, 3.0, 10, 33, 50, 70,80, 85,90, 95, 98, 100, 100];

% pulmcd3.m adult dissociation curve
% PAO2 =1[0.0,5.0, 10, 20, 30, 40, 50.0, 60, 80, 100, 150, 200, 300];
% SAQ2 =[0.0, 3.0, 10, 33, 57, 74, 85.0, 94, 96.5, 98, 99, 99.5, 100];

% original adult dissociation curve >
%PAO2 = [0.0, 5.0, 10, 20, 30, 40, 50.0, 60, 80, 90, 100, 150, 200, 300}
- %SA02 =[0.0, 3.0, 10, 33, 57, 74, 82.5, 89, 95, 96.5, 98, 99, 99.5, 100];

% Rideout's adult curve
%PAQ2 = [0.0, 5.0, 10, 20, 30, 40, 50.0, 60, 80, 90, 100, 150, 200];
~%SA02 = [0.0, 3.0, 10, 33, 57,74, 82.5, 89. 95, 96, 98, 99, 99.5];

G - -
% Shunts ) ;

% S1 represents percent of flow divided by 100% that goes from right atriu

% to left atrium via the foramen ovale => 0.46 in unborn neonate

% S2 represents percent of flow divide by 100% that goes from right ventrical

% 1o aorta via the ductus arteriosus => (.75 in unborn neonate.

% S3 represents percent of flow divided by 100% that bypasses the lung or

% goes through un-oxegenated capillaries.

% :
% With the addition of shunts, the input flows to chambers change, and thus so
% does the time constant.

%

% Initial or baseline shunts

A

global SHUNT_1_BASELINE;
global SHUNT_2_BASELINE;
global SHUNT_3_BASELINE;
SHUNT_I_BASELINE = 0.0;
SHUNT_2_BASELINE = 0.0;
SHUNT_3_BASELINE = 0.1;

% times at which shunts change
%83 _start_1 = 200;
%S3_end_1 =300;

%83 _shift_1 = 0.4;

global SHUNT_I;
global SHUNT_2;
global SHUNT_3;

SHUNT_1=0.0;
SHUNT_2 =0.0;
SHUNT_3=0.1;



% Time constants are a function of input flow T = V/F &
%

global FLOW_CHAMBER_0;
global FLOW_CHAMBER_I;
global FLOW_CHAMBER_IL;
global FLOW_CHAMBER_1S;
global FLOW_CHAMBER_2;
global FLOW_CHAMBER_3;
global FLOW_CHAMBER _4;
global FLOW_CHAMBER_5;
global FLOW_CHAMBER_6; "
global FLOW_CHAMBER_7;
global FLOW_5_GAIN

FLOW_CHAMBER 4 = FB;

FLOW_CHAMBER _S = FB;

FLOW_CHAMBER _6 = FB; _
FLOW_CHAMBER_7 = FLOW_CHAMBER _6;

FLOW_CHAMBER _0 = (1-SHUNT_I)*FLOW_CHAMBER _7;

FLOW_CHAMBER_I = (1-SHUNT_2)*FLOW_CHAMBER 0;
FLOW_CHAMBER_IL = (I-SHUNT_3)*FLOW_CHAMBER _l:
FLOW_CHAMBER_1S = SHUNT_3*FLOW_CHAMBER_1;
FLOW_CHAMBER_2 = FLOW_CHAMBER _I;

FLOW_CHAMBER_3 = FLOW_CHAMBER_2 + (SHUNT_I*FLOW_CHAMBER _7);
FLOW_CHAMBER_4 = FLOW_CHAMBER 3 + (SHUNT_2*FLOW_CHAMBER_0);
FLOW_5_GAIN = 0.01*MAXX*FLOW_CHAMBER_IL:

global TIME_DELAY_PC_IN;
global TIME_DELAY _PC_OUT;

TIME_DELAY_PC_IN = VOLUME_CHAMBER_PC_IN/FLOW_CHAMBER_1: % Pulmonary
capillary delay

TIME_DELAY_PC_OUT = VOLUME_CHAMBER_PC_OUT/FLOW_CHAMBER_I;
TO = VOLUME_CHAMBER_(/FLOW_CHAMBER_0;

T1 = VOLUME_CHAMBER_I/FLOW_CHAMBER_1;

T2 = VOLUME_CHAMBER_2/FLOW_CHAMBER_2;

T3 = VOLUME_CHAMBER_3/FLOW_CHAMBER_3;

T4 = VOLUME_CHAMBER_4/FLOW_CHAMBER_4;

TS5 = VOLUME_CHAMBER _5/FLOW_CHAMBER_5;

T6 = VOLUME_CHAMBER_6/FLOW_CHAMBER_6;

T7 = VOLUME_CHAMBER_7/FLOW_CHAMBER_7;

Tt= VOLUME_CHAMBER_TISSUE/FLOW_CHAMBER_5;

% invert for simulation Y

global TIME_CONSTANT_FC0i; <
global TIME_CONSTANT_FCli; .

global TIME_CONSTANT_FC2i;

global TIME_CONSTANT_FC3i;

global TIME_CONSTANT_FCai;

global TIME_CONSTANT_FCS5i;

: ﬂ;m

P
R
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global TIME_CONSTANT_FCéi;
global TIME_CONSTANT_FC7i;
global TIME_CONSTANT _FCii;

v
TIME_CONSTANT_FCO0i = 1/T0;

g)

TIME_CONSTANT_FCli = 1/T1;
TIME_CONSTANT_FC2i= 1/T2;
TIME_CONSTANT_FC3i = 1/T3;
TIME_CONSTANT _FC4i = 1/T4:
TIME_CONSTANT_FCS5i = 1/T5;
TIME_CONSTANT_FC6i = 1/T6;
TIME_CONSTANT_FC7i = 1/T7:
- TIME_CONSTANT_FCt = 1/Tt;
_\\

% Tissue compartment
% Oxygen uptake = 10 * BA().75 (ml/min) where B is body weight in Kgm

%k20 = 24.4 % OK for 70 kg adult with 10% pulmonary shunt (S3)
9% k20 = FB * 0.2436; % original value

k20 =FB *0.10; /

k20i = k20/VOLUME_CHAMBER_TISSUE

9% Ptout = k20*PATM/FB;
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Appendix B. Neonatal Model Supervisory Programs



function [sys, x0] = epm1_b1(t,x,u,flag)

% This S-function takes the time and makes changes to the system model by
% adjusting the neonates shunting valués or adding motion artifact. The
. % duration of the test is one hour (3600 seconds).

if abs(flag) == 1
% return derivative
sys=1;
elseif abs(flag) == 3
% return outputs
if (u==50)
set_param(‘'epm 1/Neonate/circulation/S3_input','value', '0.20";
set_param(‘epm1/Neonate/circulation/S2_input','value', '0.00');
set_param('epm 1/Neonate/circulation/S 1_input','value', '(.00");
end;
if (u==200)
set_param(‘'epm 1/Pulse Oximeter/MA amplitude','gain’, -1.0");
end;
if (u==230)
set_param('epm 1/Pulse Oximeter/MA amplitude’,'gain’, '0.0');
end;
if (u==1360)
set_param('epm 1/Pulse Oximeter/MA amplitude’.'gain’, '1.());
end;
if (u==420)
set_param(‘'epm 1/Pulse Oximeter/MA amplitude','gain’, '0.0');
end;
if (u==600)
set_param('epm1/Pulse Oximeter/MA amplitude’,'gain’, -1.0");
end; "
if (u==630)
set_param(‘epm1/Pulse Oximeter/MA amplitude','gain’, '2.0");
end;
if (u == 660) :
set_param(’epm 1/Pulse Oximeter/MA amplitude’.'gain’, '0.0");
end;
if (u == 900)
set_param('epm 1/Pulse Oximeter/MA amplitude’,'gain’, '2.0)');
end;
if (u==930)
set_param('epm1/Pulse Oximeter/MA amplitude’,'gain’, '-1.0");
end;
if (u ==960) .
set_param(‘epm 1/Pulse Oximeter/MA amplitude’,'gain’, '0.0");
end;
if (u==1100)
set_param('epm 1/Neonate/circulation/S3_input','value', '0.30");
end;

if (u==1200)
set_param(‘'epm 1/Pulse Oximeter/MA amplitude’,'gain’, -1.0");
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end;
if (u == 1260)

set_param('epm1/Pulse Oximeter/MA amplitude’,'gain’,
end;
if (u == 1500)

set_param('epm1/Pulse Oximeter/MA amplitude','gain’,
end;
if (u == 1560)

set_param(‘’epm1/Pulse Oximeter/MA amplitude’,'gain’,
end;
if (u=="1800)

set_param('epm1/Pulse Oximeter/MA amplitude','gain’,
end;
if (u==1830)

set_param('’epm 1/Pulse Oximeter/MA amplitude’,'gain’,
end;
if (u == 1860)

set_param('epm1/Pulse Oximeter/MA amplitude’,'gain’,
end;

-

if (u==2100)
set_param('epm1/Pulse Oximeter/MA amplitude’,'gain’,
end; :
if (u==2130)
set_param(‘epm1/Pulse Oximeter/MA amplitude','gain’,
end;
if (u == 2160)
set_param(‘'epm/Pulse Oximeter/MA amplitude’,'gain’,
end;
if (u==2300)
set_param(‘'epm1/Neonate/circulation/S3_input’,'value’,
end;

if (u==2400)
set_param(‘'epm1/Pulse Oximeter/MA amplitude’,'gain’,
end;
if (u == 2460) .
set_param(‘’epm|1/Pulse Oximeter/MA amplitude’,'gain’,
end;
if (u==2700)
set_param(‘epm1/Pulse Oximeter/MA amplitude’,'gain’,
end:;
if (u==2760)
set_param(‘'epm 1/Pulse Oximeter/MA amplitude’,'gain’,
end;
if (u==23000)
set_param(‘'epm l/Pulse Oximeter/MA amplitude’,'gain’,
end; :
if (u == 3030)
set_param('epm 1/Pulse Oximeter/MA amplitude’,'gain’,
end;
if (u == 3060)

'0.07;

'1.0%; .

'0.09;

-1.0%;

2.09;

'0.0%;

2.07:

-1.07;

'0.0";

'0.40;

-1.0)

'0.0');

'1.09;

'0.0";

-1.0%;

2.0

."&:‘i{
1% 4

-
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set_param('epm 1/Pulse Oximeter/MA amplitude’,'gain’, '0.0");
end;

if (u == 3300)

set_param(‘epm1/Pulse Oximeter/MA amplitude','gain’, '2.0");
end;
if (u == 3330)

set_param('epm 1/Pulse Oximeter/MA amplitude','gain’, '-1.0");
end: ' '
if (u == 3360)

set_param('epm 1/Pulse Oximeter/MA amplitude’,'gain’, '0.0");
end;

\sys =u;

elseif flag ==
% return’'sizes and initial values
sys = [1.0.1,1,0.1};
x0=0.1; 7 '
else / N
sys=[l: ' R
end
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function [sys. x0] = epm1_b2(t,x,u.flag)

% This S-function takes the time and makes changes to the system model by
% adjusting the neonates shunting values or adding motion artifact. The
% duration of the test is one hour (3600 seconds).

if abs(flag) == 1
% return derivative
sys=1;

elseif abs(flag) == 3
% return outputs
if (u==50)

set_param('epm 1/Neonate/circulation/S3_input’,'value',
set_param(‘’epm1/Neonate/circulation/S2_input','value',
set_param('epm 1/Neonate/circulation/S1_input','value',

end;
if (u==200)
set_param('epm 1/Neonate/circulation/S3_input','value’,
end; '
if (u==260)
set_param(‘'epm1/Neonate/circulation/S3_input','value',
end;
if (u==380)
set_param(‘epm1/Neonate/ctrculation/S2_input’,'value',
end;
if (u==440) .
set_param('cpm |/Neonate/circulation/S2_input','value'.
end;
if (u==560)
set_param('epm 1/Neonate/circulation/S2_input','value',
end;
if (u==1590)
set_param('epm 1/Neonate/circulation/S2_input','value’,
end;
if (u==620)
set_param(‘epm1/Neonate/circulation/S2_input','value',
end;
if (u==680)
set_param('epm 1/Neonate/circulation/$2_input’,'value',
end;
if (u==710)
set_param('epm 1/Neonate/circulation/S2_input','value’,
end;
if (u==770)
set_param(‘'epm1/Neonate/circulation/S2_input'.'value',
end;
if (u==1830)
set_param(‘'epm 1/Neonate/circulation/S2_input’,'value',
end;
if (u==860)

set_param(‘epm 1/Neonate/circulation/S2_input','value', '0.05");

end;

'0.30%;
'0.05");
'0.00'):;

'0.10);

'0.309;

'0.200);

'0.05");

'0.20);

0.05");

'0.26));

'0.05');

'0.20);

'0.059;

0.20";
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if Cu==1000)

set_param('epm /Pulse Oximeter/MA amplitude’,'gain’, '-1.0");
set_param('epm 1/Neonate/circulation/S2_input','value’, '0.20";

end;
if (u == 1060)

set_param('epm 1/Pulse Oximeter/MA amplitude’,'gain’, '0.0");
end; ‘

if (u == 1460)

set_param('epm |/Pulse Oximeter/MA amplitude’,'gain’, '-1.0";
end;
if (u == 1520)

set_param(‘'epm 1/Pulse Oximeter/MA amplitude’,'gain’, '0.0");
end; .
if (u ==1700)

set_param('epm 1/Pulse Oximeter/MA amplitude’.'gain’, '1.0");
end; :
if (u==1790) ,

set_param('epm 1/Pulse Oximeter/MA amplitude’.'gain’, '0.0");
end;
if (u==2000)

set_param('epm1/Pulse Oximeter/MA amplitude’.'gain’, '1.0");

set_param(‘epm 1/Neonate/circulation/S3_input’,'value', '0.10°):

end:
if (u == 2030) »
set_param('epm 1/Pulse Oximeter/MA amplitude','gain’, "0.0");
end;
if (u==2150)

set_param('epm |/Pulse Oximeter/MA amplitude’./gain’, '-1.0";
set_param('epm |/Neonate/circulation/S3_input','value', '0.30):

end;

if (u==2180)
© set_param('epm1/Pulse Oximeter/MA amplitude’.'gain’, '(0.0");
end;

if (u==2360)

set_param('epm /Neonate/circulation/S2_input'.'value', '0.05%;
end;
if (u == 2540)

set_param('epm l/Pulse Oximeter/MA amplitude','gain’, '1.0");

lset_para.m('epm 1/Neonate/circulation/S3_input','value', '0.10");

end;

. i (u==2600)

. set_param('epm 1 /Pulse Oximeter/MA amplitude’,'gain’, '0.0");
end;

if (u == 2720)

set_param(‘epm 1/Neonate/circulation/S3_input','value', '0.30');
set_param('epm |/Neonate/circulation/S2_input','value’, '0.20));

end;
if (u == 2960)

set_param(‘'epm 1/Pulse Oximeter/MA amplitude’,'gain’, '-1.0";
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end;
if (u == 3000) .
set_param('epm I/Pulse Oximeter/MA amplitude','gain’, '0.0');
end; -
if (y==3180) - ,
set_param(‘'epm1/Pulse Oximeter/MA amplitude’,'gain’, '1.0");
end; '
if (u ==3210)
set_param('epm 1/Pulse Oximeter/MA amplitude’,’gain’, '0.0");
end;
if (u==3390)
set_param(‘'epm 1/Neonate/circulation/S2_input','value', '0.05");
end;
if (u == 3420)
set_param(‘'epm I/Neonate/circulation/S2_input','value’, '0.20');
end; ‘
if (u == 3450)
set_param('epm 1/Neonate/circulation/S2_input'.'value', '0.05');
end;
if (u == 3480) ]
set_param(‘'epm 1/Neonate/circulation/S2_input','value'. '0.20');
end;
if (u ==3510)
set_param('epm1/Neonate/circulation/S2_input'.'value’, '0.05");
end;
if (u ==3540)
set_param(‘epm 1/Neonate/circulation/S2_input','value', '0.20');
end;
sys = u;

elseif flag == 0
% return sizes and initial values

sys =[1,0,1.1,0.1]:
x0=0.1;

else
sys=[I

end



function [sys, x0] = epm1_b3(t,x,u.flag)

% This S-function takes the time and makes changes to the system model by
% adjusting the neonates shunting values or adding motion artifact. The

% duration of the test is one hour (3600 seconds).
global CONTROL_MODE;

if abs(flag) ==
% return derivative
sys=1;

elseif abs(flag) == 3 e

% return outputs
if(u==1)
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set_param(‘'epm1/Neonate/respiration/alveoli O2/DC','Input_Values', 'PAO2’, 'Output_Values','SAO2");

end;
if (u==50)

set_param('eprit1/Neonate/circulation/S3_input','value', '0.20');
set_param('epm1/Neonate/circulation/S2_input'.'value',
set_param(‘'epm1/Neonate/circulation/S1_input’,'value’,

'value',

‘value',

‘value’,

'0.107;
'0.007;

'0.30;
'0.10;
'0.30;

'0.109;

'0.30';

'0.10";

'0.30";

'0.1‘0');

end;
if (u==200)
set_param('epm l/Neonate/circulation/S2_input','value',
end:
if (u==230)
set_param(‘'epm 1/Neonate/circulation/S2_input','value',
end;
if (u==260)
set_param(‘epm 1/Neonate/circulationi/§2_input’,'value’,
end; “ﬁ\\
if (u==290)
set_param(‘'epm 1/Neonate/circulation/S2_input’,'value',
end;
if (u==1310)
set_param('epm 1/Neonate/circulation/S2_input',
end;
if (u==340)
set_param(‘epm1/Neonate/circulation/S2_input’,
end; .
if (u==370)
set_param(‘epm1/Neonate/circulation/S2_input',
end;
if (u==400) .
set_param('epm I/Neonate/circulation/S2_input’,'value',
end;
if (u==430)
set_param(‘epm1/Neonate/circulation/S2_input','value’, '0.30");
end;
if (u==460)

set_param('epm1/Neonate/circulation/S2_input','value’, '0.10");

end;
if (u==520)




set_param(‘epm | /Neonate/circulation/S2_input','value',

end;
if (u==580)
set_param('epm 1/Neonate/circulation/S2_input','value’,
end;
if(u==640)
set_param(‘epm1/Neonate/circulation/S2_input’,'value',
end; o
if (u==700)
set_param(‘epm 1 /Neonate/circulation/S2_input','value',
end;
if (u==760)
set_param('epm 1/Neonate/circulation/S2_input’,'value',
end;
if (u==820) ‘
set_param('epm1/Neonate/circulation/S2_input'.'value',
end;
if (u==880)
set_param('epm1/Neonate/circulation/S2_input','value’,
end;
if (u==940)
set_param('epm 1/Neonate/circulation/S2_input’,'value',
end;
if (u==1075)
set_param('epm1/Neonate/circulation/S2_input','value',
end;
if (u==1090)
set_param(‘epm1/Neonate/circulation/S2_input’,'value’,
end;
if (u==1105)
set_param('epm1/Neonate/circulation/S2_input','value',
end;
if (u==1120)
set_param('epm 1/Neonate/circulation/S2_input','value',
end;
if (u==1135)
set_param('epm 1/Neonate/circulation/S2_input','value',
end; .
if (u==1150) .
set_param('epm 1/Neonate/circulation/S2_input','value',
end;
if(u==1165)
set_param(‘epm1/Neonate/circulation/S2_input','value’,
end; 4
Jif (u==1180)
set_param('epm 1/Neonate/circulation/S2_input','value',
end;
if(u==1195)

set_param('epm1/Neonate/circu laybn/S 2_input','value’,

end;
if (u==1210)

'0.30%;

'0.10%;

'0.30";

'0.10Y;

'0.307;

'0.107;

0.307;

'0.10%;

'0.307;

'0.107;

'0.30%;

'0.107;

'0.30";

'0.10";

'0.30";

'0.10%;

'0.30");
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set_param(‘'epm 1/Neonate/circulation/S2_input','value', '0.10");

end;
if (u==1225)
set_param(‘epm 1/Neonate/circulation/S2_input’,'value’, '0.30); -
end; ’
if (u==1240)
set_param('epm 1/Neonate/circulation/S2_input','value', ‘0.10";
end;
if (u==1300) ¥
set_param(‘epm 1/Neonate/circulation/S2_input','value', '0.30");
end;
if (u==1360) -
set_param(‘epm 1/Neonate/circulation/S3_input'.'value', '0.05");
end;
if (u==1420)
set_param('epm 1/Neonate/circulation/S3_input'.'value’, '0.20%;
end;

if (u==1540)
set_param(‘epm1/Neonate/circulation/S2_input'.'value', '0.10');

end; ,
if (u==1600) \\
set_param(‘epm1/Pulse Oximeter/MA amplitude’,'gain’. '1.0'); '

end;

A if (u == 1660)

* set_param(‘'epm1/Pulse Oximeter/MA amplitude’,'gain’, '0.0";
end;

if (u == 1720)
set_param('epm1/Pulse Oximeter/MA amplitude’,'gain’, '-1.0");
end;
if (u==1800)
set_param('epm1/Pulse Oximeter/MA amplitude’,'gain’, '0.0");
set_param('epm1/Neonate/respiration/alveoli O2/DC", Input_Values', 'PAQO24’,
'‘Output_Values','SAO2a’);

end;
if (u==2000)

set_param(‘epm 1/Neonate/circulation/S2_input','value', '0.30"); .
end;
if (u==2030)

set_param('epm 1/Neonate/circulation/S2_input','value', '0.10");
end;
if (u==2060)

set_param(‘epm 1/Neonate/circulation/S2_input','value', '0.30");
end; - B
if (u==2090)

set_param('epm 1/Neonate/circulation/S2_input','value’, '0.10";
end; ,
if (u==2110)

set_param(‘epm 1/Neonate/circulation/S2_input','value', '0.30";
end; '
if (u==2140)

set_param(‘'epm1/Neonate/circulation/S2_input','value', '0.10");



end;
if (u==2170)
set_param('epm 1/Neonate/circulation/S2_input','value',
end; :
if (u==2200)
set_param(‘'epm 1/Neonate/circulation/S2_input','value',
set_param('epm 1/Fi02’,'value’,'0.35");
end;
if (u==2230)
set_param('epm 1/Neonate/circulation/S2_input','value’,
“end;

if (u==2260)
set_param(‘epm1/Neonate/circulation/S2_input','value',
end;
if (u==2320) :
set_param('epm 1/Neonate/circulation/S2_input’,'value',
end;
if (u==2380)
set_param('epm 1/Neonate/circulation/S2_input','value’,
end;
if (u==2440)
set_param('epm 1/Neonate/circulation/S2_input','value’,
end;
if (u==2500)
set_param('epm 1/Neonate/circulation/S2_input’,'value',
end;
if (u==2560)
set_param('epm 1/Neonate/circulation/S2_input','value',
end;
if (u==2620)
set_param('epm 1/Neonate/circulation/S2_input','value’,
end;
if (u==2680)
set_param('epm1/Neonate/circulation/S2_input','value’',
end;
if (u==2740)
set_param('epm 1/Neonate/circulation/S2_input','value',
end;

if (u==2875)

set_param('epm 1/Neonate/circulation/S2_input’,'value',
end;
if (u==2890)

set_param('epm 1/Neonate/circulation/S2_input’,'value',
end;
if (u==2905)

set_param('epm 1/Neonate/circulation/S2_input','value',
end; '
if (u==2920)

set_param('epm 1/Neonate/circulation/S2_input’,'value',
end;

'0.30');

'0.107;

'0.30;

'0.10');

'0.30":

0.107;

'0.30";

'0.10"):

'0.30°);

'0.10%:;

'0.30%;

0.10);

'0.30";

[ 4

'0.10;

'0.30Y;

'0.107;
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if (u==2935)
set_param(‘epm l/Neqnate/cuculauon/SZ input','value’,
end; A
if (u==2950) |
set_param( epml/Neonate/cnrculauon/SZ input','value’',
end; l
if (u==2965) ‘
set param( epml/Neonate/cnrculauon/SZ input','value’,
end; ‘
if (u==2980)
set_param('epm 1/Neonate/cnrculauon/52 input’, 'vzhue
end;

if (u==2995)

set_param( epml/Neonate/cnrculauon/SZ input’,'value’,
end;

if (u==3010)

set_param( epml/Neonate/cuculatlon/SZ input’,'value',
end;

if (u==13025)

set_param( epml/Neonate/cnrculauon/SZ input’,'value’,

end;
if (u == 3040)

set_param( epml/Neonale/cnrculanon/SZ mpul ‘value',
end:;
if (u==3100) ,

set_param('epm 1/Neonate/circulation/S2_input’,'value',
end; ‘
if (u==3160)

set_param( cpml/Neonéte/cnrculauon/S% input’,'value',

end;
if (u==3220)

set param(epml/Neonale/cnrculmlon/S? input’,'value',

end;
if (u==13340)

set param( epm l/Neonale/cuculallon/SZ input’,'value',
end;
if (u==3400)

set_param('epm 1/Pulse Oximeter/MA amplitude'.'gain’,
end; !
if (u == 3460)

set_param('epm 1/Pulse Oximeter/MA amplitude’,'gain’,
end; :

sys = ‘u: | A Y

elseif flag ==
% return sizes and initial values
sys=[1,0,1,1,0,11;
x0=0.1;
else
sys =[1;
end

'0.307:
'0.10%;
'0.307;
'0.10%;
'0.30Y;
'0.10);
'0.309;
'0.10%;
'0.30; .
'0.05";
'0.20";

'0.10°);

'1.0";

'0.0%;
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Appendix C. Closed Loop Initialisation Program

&



% Initepm1.m - epml.m initialization program
% Sept. 24, 1996
% run this m-file before running the gulmk program
%
% This model is built from two sub- systems the first is the pulmonary model and
% is based on the pulm1.m file. The second is the blood circuation system. It is
% different from earlier versions in that this model uses the SvO2
" % value in its control loop. It also uses a default 10% shunt across the lungs to
% represent the pressure drop there. With the O2 consumption set at about 20%
% we get Sa02 = 96% and SvO2 = 77% '
% ,
% "epml.m" is a model consisting of the blender, neonate and pulse oximeter

"ow

% models extracted from files "bend1.m", "nnla.m" and "pulsel.m"

% the following are global variables that are effected by shunting conditions
% s
9% SHUNT_1 SHUNT_2 SHUNT_3
% The following constants are used with the neonatal pulmonary model
%
% mouth compartment
= 14.62; ~
C1 =0.000013; ’
%R1 = 1.0,
%C1=0.001;
Q1U = 0.790;
QIIC =0.792;
invCl = 1/ClI;
invR1 = I/R1;

% trachea compartment

R2 =4 .825;

- C2 =0.00004;

%R2 =0.33;

%C2 = (.002; :

Q2U = 0.160; ’
‘Q2IC = 0.193;

invC2 = 1/C2;

invR2 = 1/R2;

% bronchi compartment
R3 =4.38s;

C3 = 0.00013;

%R3 = 0.3;

%C3 = (0.007;

. Q3U =10.350; ) ' -
Q3IC =0.494; - .

© invC3 = 1/C3; .

invR3 = 1/R3: )

% alveoli compartment *
R4 =1.17;




C4 =0.002;

%R4 = 0.08; ]
%C4 = 0.100;

Q4U =17.87;

Q4IC = 10;

invC4 = 1/C4;
invR4 = 1/R4;

% The following constants are used with the pulmonary adult model

%

% mouth compartment
% R1=1.0;

% C1=10.0013:

% Q1U = 40;

% Q11C = 40.325;

% invC1 = 1/C1;

% invR1 = 1/R1;

% trachea compartment
% R2 =0.33;

% C2 = 0.004;

% Q2U =8;

% Q2IC =9.8;

% invC2 = 1/C2;

% invR2 = 1/R2;

9. bronchi compartment
% R3=0.3;

% C3 =0.013;

% Q3U = 18;

% Q3IC = 25;

% invC3 = 1/C3;

% invR3 = 1/R3;

% alveoli compartment
% R4 =0.08;

% C4=0.2;

% Q4U =400;

% Q41C = 508;

% invC4 = 1/C4;

% invR4 = 1/R4;

e

% Rideout's concentration calculations for a 10 compartment model of the
% blood circulation system with three shunts - a pulmonary shunt between
% compartments DP1 and DP2 and two right to left shunts between compartments

% 7 and 3 and 0 and 4
7 .

% Note that the input and output flows, FP and FA are small compared to the total
% blood flow, FB, of the system. FB, for a neonate this is about 16.7 ml/s while the
% rate of O2 uptake for a 1.5 Kg neonate is about 0.25 ml/s.

%
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% See Page 139-149 of his text and see Simulink program ridesim3.m for a schematic
% , v

% Compartment 0 => right ventrical (mixing)

% Compartment 1 => pulmonary artery (mixing)

% Compartment DP1 => pulmonary capillaries (delay)

% Compartment DP2 => pulmonary capillaries (delay)

_ % Compartment 2 => pulmonary vein (mixing)

% Compartment 3 => left ventrical (mixing) : i
% Compartment 4 => left aorta (mixing) ’
% Compartment 5 => systemic artery (mixing)

% Compartment 6 => systemic vein (mixing)

% Compartment 7 => right atrium (mixing)

% Compartment time constants - they should sum to about 9 seconds
% Dawson's book was used to calculate the volumes as a function of
% the percentages of adult values.

aq.

adult_circulation_time = 40.0;
neonate_circulation_time = 9.0;

% time constants are equal to volume/flow
%
% Volumes in ml.

global VOLUME_CHAMBER_0):
global VOLUME_CHAMBER_1;

global VOLUME_CHAMBER_2;

global VOLUME_CHAMBER_3;

global VOLUME_CHAMBER_4;

global VOLUME_CHAMBER_S:

global VOLUME_CHAMBER_6;

global VOLUME_CHAMBER_7;

global VOLUME_CHAMBER_PC_IN;
global VOLUME_CHAMBER_PC_OUT;

% neonate values calculated by pro-rating the time constants from adult
% values. From neonate time constants, Volume = T*FB

VOLUME_CHAMBER_0 = 4.68:

VOLUME_CHAMBER_| = 9.39:

VOLUME_CHAMBER 2 = 4.68:

VOLUME_CHAMBER_PC_IN = 9.40:

VOLUME_CHAMBER_PC_OUT = 9.40:

VOLUME_CHAMBER 3 = 4.68:

VOLUME_CHAMBER_4 = 28.22:

VOLUME_CHAMBER_5=7.51:

VS1 = 15.03:

VS2 =15.03; i
VOLUME_CHAMBER_6 = 37.58: -
VOLUME_CHAMBER_7 = 4.68: ’
VOLUME_CHAMBER_TISSUE = 30.06; % tissue volume
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/ 3
% adult values
% VOLUME_CHAMBER_0 = 125; .

% VOLUME_CHAMBER_1 = 250;
% VOLUME_CHAMBER_2 = 125;

% VOLUME_CHAMBER_PC_IN = 250;
% VOLUME_CHAMBER_PC_OUT = 250;
% VOLUME_CHAMBER_3 = 125;

% VOLUME_CHAMBER_4 = 750;

% VOLUME_CHAMBER_S = 200; -

% VS1 =400;

% VS2 = 400;
% VOLUME_CHAMBER_6 = 1000;
% VOLUME_CHAMBER_7 = 125; *

% VOLUME_CHAMBER_TISSUE = 800; % tissue volume

% Input frequency -

FREQ =0.417 % neonate at 25 bpm

% FREQ = 0.60; % neonate value 36 bpm - 1
% FREQ = 0.23; % adult value

Pl =3.1415927;

W = 2*PI*FREQ;

% Amplitude = 3600; % neonate pressure amplitude - too high]

% Amplitude = 3000; % neonate pressure amplitude

% Amplitude = 2200; % neonate pressure amplitude - close but a bit low
Amplitude = 1200; % emulate an ill neonate with FiO2 = 30% +/-

% Amplitude = 800 % neonate pressure amplitude ,
%Amplitude = 1200; % adult pressure amplitude

Offset = -120;

% fractional neonatal O2 variables

QIXIC =0.137;
Q2XIC =(.039;
Q3XIC =0.090;
Q4XIC = 1.624;

% fractional adult O2 variables
A

% QIXIC =T,

% Q2XIC =2.0;

% Q3XIC =4.6;

% Q4XIC = 83;

FB =16.7; % blood flow in ml/sec.

%FB = 100, % adult value -
global MAXX;

MAXX = (.224; % max volume of O2 per litre of blood

%PVX =40: % pumonary venous O2 pressure, 8

T%PVX =45,

PVX =135;

%SvO2X =82; % used at start-up to remove transient
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SvO2X = 86;
PATM =760; % Atmospheric pressure in mmHg

% neonate dissociation curve :
PAO2 =[0.0, 1.1.3.66, 12.8, 18.3, 27, 32, 37, 40.8, 48, 60, 200, 300, 800];
SAO2 =[0.0, 3.0, 10, 33, 50, 70, 80,85,90, 95, 98,99.5, 100, 100];

% pulmcd3.m adult dissociation curve
PAO2a=[0.0, 5.0, 10, 20, 30, 40, 50.0, 60, 80, 100, 150, 200, 300, 800];
SAQ2a=[0.0,3.0, 10, 33, 57. 74, 85.0, 94, 96.5. 98, 99, 99.5, 100, 100];

i % original adult dissociation curve
%PAO2 = [0.0, 5.0, 10, 20, 30, 40, 50.0. 60, 80, 90, 100, 150, 200, 300]:
T ) %SA02 = [0.0, 3.0, 10, 33, 57, 74, 82.5. 89, 95, 96.5. 98, 99, 99.5, 100];

% Rideout's adult curve
%PAO2 = [0.0, 5.0, 10, 20, 30. 40, 50.0, 60, 80, 90, 100, 150, 200];
%SA02 = [0.0, 3.0, 10, 33, 57. 74, 82.5. 89, 95, 96, 98, 99, 99.5]:

% e
| % Shunts

% S1 represents percent of flow divided by 100% that goes from right atrium
%  to left atrium via the foramen ovale => 0.46 in unborn neonate

% S2 represents percent of flow divide by 100% that goes from right ventrical
%  to aorta via the ductus arteriosus => 0.75 in unborn neonate.

% S3 represents percent of flow divided by 100% that bypasses the lung or

%  goes through un-oxegenated capillaries.

(Z)

% With the addition of shunts, the inputflows to chambers change, and thus so
% does the time constant. ‘Q

%

% Initial or baseline shunts
%

<

global SHUNT_1_BASELINE;
global SHUNT_2_BASELINE;
global SHUNT:_3_BASELINE;
SHUNT_I_BASELINE = 0.0;
SHUNT_2_BASELINE = 0.0;
SHUNF=3BASELINE = (). 1;

global SHUNT_I:
global SHUNT_2;
global SHUNT_3:

SHUNT_1=0.0;
SHUNT_2 =0.0;
SHUNT_3=0.1;

% Time constants are¢ a function of input flow T = V/F
%
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" global FLOW_CHAMBER_0;
global FLOW_CHAMBER_1;
global FLOW_CHAMBER_IL;
global FLOW_CHAMBER_1S;
global FLOW_CHAMBER_2;
global FLOW_CHAMBER_3:
global FLOW_CHAMBER_4;
global FLOW_CHAMBER_5;
global FLOW_CHAMBER_6:;
global FLOW_CHAMBER_7;
global ELOW_5_GAIN

FLOW CHAMBER _4 = FB;

FLOW: CHAMBER _S = FB:

FLOW_CHAMBER_6 = FB;

FLOW_CHAMBER_7 = FLOW_CHAMBER _6;

FLOW_CHAMBER_0 = (1-SHUNT_1)*FLOW_CHAMBER _7;

FLOW_CHAMBER_1 = (1-SHUNT_2)*FLOW_CHAMBER _0;
FLOW_CHAMBER_IL = (1-SHUNT_3)*FLOW_CHAMBER _I;
FLOW_CHAMBER_1S = SHUNT_3*FLOW_CHAMBER_I;

FLOW_CHAMBER_2 = FLOW_CHAMBER _1I;

FLOW_CHAMBER_3 = FLOW_CHAMBER_2 + (SHUNT_I*FLOW_CHAMBER_7):
FLOW_CHAMBER 4 = FLOW_CHAMBER_3 + (SHUNT_2*FLOW_CHAMBER _0));
FLOW_5_GAIN = 0.01*MAXX*FLOW_CHAMBER_IL;

global TIME_DELAY_PC_IN;
globalsTIME_DELAY_PC_OUT;

TIME_DELAY_PC_IN = VOLUME_CHAMBER_PC_IN/FLOW_CHAMBER_I; % Pulmonary
cabillary delay

TIME_DELAY_PC_OUT = VOLUME_CHAMBER_PC_OUT/FLOW_CHAMBER _1:
T0 = VOLUME_CHAMBER_(/FLOW_CHAMBER_0;

Tl = VOLUME_CHAMBER_I/FLOW_CHAMBER_I;

T2 = VOLUME_CHAMBER_2/FLOW_CHAMBER_2;

T3 = VOLUME_CHAMBER_3/FLOW_CHAMBER_3;

T4 = VOLUME_CHAMBER_4/FLOW_CHAMBER _4;

T5 = VOLUME_CHAMBER_5/FLOW_CHAMBER _5;

T6 = VOLUME_CHAMBER_6/FLOW_CHAMBER_6;

T7 = VOLUME_CHAMBER_7/FLOW_CHAMBER_7;

Tt= VOLUME_CHAMBER_TISSUE/FLOW_CHAMBER__5;

% invert for simulation

global TIME_CONSTANT_FCO0i;
global TIME_CONSTANT_FC Ii;
global TIME_CONSTANT_FC2i;
global TIME_CONSTANT_FC3i;
global TIME_CONSTANT_FC4:;
global TIME_CONSTANT _FC5i;
global TIME_CONSTANT _FCéi,
global TIME_CONSTANT_FC7i;
global TIME_CONSTANT_FCii;
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TIME_CONSTANT_FCOi = 1/T0;
TIME_CONSTANT_FCli = I/T1;
TIME_CONSTANT_FC2i = 1/T2;
TIME_CONSTANT_FC3i = 1/T3;
TIME_CONSTANT_FC4i = 1/T4;
TIME_CONSTANT_FC5i = 1/T5;
TIME_CONSTANT _FC6i = 1/T6; i
TIME_CONSTANT_FC7i = I/T7;
TlME_f:ONSTANT_FCﬁ = I/T¢;

% Tissue compartmem

% k20 = 24.4 % OK for 70 kg adult with 10% pulmonary shunt (S3)

% k20 = FB * 0.2436; % original value NN

'k20 =FB * 0.10;

k20i'= k;O[YOLUI\/[E_CHAMBER_TlSSUE - N
“% for higtograms L ] » T
xbin ="[80,81, 82 83,84.85.86.87,88,89.90,91,92, 93 94.95,96, 97 98.99, 1()()] .'& -
'
% for types of control 1 = manual, 0 = none, PID or Fuzzy
global CONTROL._MODE; )
CONTROL_MODE = 0;

S

1

set_param('epm 1/Neonate/circulation/S1_input','value','0.05");
set_param('epm1/Neonate/circulation/S2_input','value','0.05');
set_param( ‘epm1/Neonate/circulation/S3_input’,'value','0.20');
%set param(epml/Neonale/cnrculauoNSl _input','value',’0.Q));
%set_param('epm 1/Neonate/circulation/S2_inpat','value’,'0.0');
%set_param('epm1/Neonate/circulation/S3_input','value','0.10');
set_param('epm1/FiO02','value’,30"); o

set_param('epm | /Neonate/respiration/alveoli 02/DC', 'lnput V'llues' 'PAO2,'Output_Values','SAO2);
set_param(’epm1/Pulse Oximeter/MA amplitude’,'gain’,'0.0")

®

2,0
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