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ABSTRACT. Objective. Closed-loop mechanical ventilation has
the potential to provide more effective ventilatory support to pa-
tients with less complexity than conventional ventilation. The
purpose of this study was to investigate the effectiveness of an
automatic technique for mechanical ventilation. Methods. Two
closed-loop control systems for mechanical ventilation are com-
bined in this study. In one of the control systems several physiolog-
ical data are used to automatically adjust the frequency and tidal
volume of breaths of a patient. This method, which is patented
under US Patent number 4986268, uses the criterion of minimal
respiratory work rate to provide the patient with a natural pattern
of breathing. The inputs to the system include data representing
COy and O, levels of the patient as well as respiratory com-
pliance and airway resistance. The I:E ratio is adjusted on the
basis of the respiratory time constant to allow for effective emp-
tying of the lungs in expiration and to avoid intrinsic positive
end expiratory pressure (PEEP). This system is combined with
another closed-loop control system for automatic adjustment of
the inspired fraction of oxygen of the patient. This controller
uses the feedback of arterial oxygen saturation of the patient and
combines a rapid stepwise control procedure with a proportional-
integral-derivative (PID) control algorithm to automatically ad-
just the oxygen concentration in the patient’s inspired gas. The
dual closed-loop control system has been examined by using me-
chanical lung studies, computer simulations and animal experi-
ments. Results. In the mechanical lung studies, the ventilation
controller adjusted the breathing frequency and tidal volume in
a clinically appropriate manner in response to changes in respira-
tory mechanics. The results of computer simulations and animal
studies under induced disturbances showed that blood gases were
returned to the normal physiologic range in less than 25 s by
the control system. In the animal experiments under steady-state
conditions, the maximum standard deviations of arterial oxy-
gen saturation and the end-tidal partial pressure of CO, were
£1.76% and £1.78 mmHg, respectively. Conclusion. The con-
troller maintained the arterial blood gases within normal limits
under steady-state conditions and the transient response of the
system was robust under various disturbances. The results of the
study have showed that the proposed dual closed-loop technique
has effectively controlled mechanical ventilation under different
test conditions.

KEY WORDS. Mechanical ventilation, closed-loop control, work of
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INTRODUCTION

In the past few decades there have been many advances in
mechanical ventilators to enhance their features and make
them more responsive to individual patient’s needs. But
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despite all these advances, most ventilators are mainly open-
loop control devices. The added features of ventilators that
have enhanced their flexibility have also contributed to
their complexity.

Closed-loop ventilators can offer many advantages to
patients as well as clinicians. These machines have the ca-
pability of providing more effective and flexible ventilatory
treatment to patients with less complexity than traditional
mechanical ventilators. The idea of closing the loop in me-
chanical ventilators is not new and a number of researchers
have presented different closed-loop techniques for these
machines since the mid 1950s [1-13]. In most of the tech-
niques presented, however, only one variable, either the
volume of expired CO, or the end-tidal partial pressure
of CO; (Peico,) was used to adjust the output of the me-
chanical ventilator. Using CO; as a single control variable
does not provide sufficient physiological information to
the controller and can mask respiratory problems. This de-
ficiency was remedied by incorporating several important
variables in the control procedure in one of the techniques
for closed-loop mechanical ventilation [10]. In this tech-
nique CO, and O;, levels of the patient as well as respiratory
compliance and airway resistance data are used to control
the outputs of the ventilator. In this system, both tidal vol-
ume and the rate of breathing are adjusted automatically
to minimize the respiratory work rate on the basis of a hy-
pothesis by Otis et al. [14]. The rationale is to stimulate
spontaneous breathing by providing a naturally comfort-
able breathing pattern to the patient on the ventilator. This
technique, which was originally patented under US Patent
4986268, was later used in an article by a different group
of workers [11].

In the present study, the closed-loop technique for auto-
matic adjustment of the rate and tidal volume of breaths by
using multiple data [10] has been combined with another
closed-loop control technique for automatic adjustment of
the inspired fraction of oxygen, Fio,. Supplemental oxy-
gen treatment commonly accompanies mechanical ventila-
tion to achieve stable and sufticient oxygenation. In current
methods of mechanical ventilation, Fjo, is manually con-
trolled. The frequency of the manual adjustments depends
on the severity of the patient’s conditions and can become
quite cumbersome for acutely ill patients. Several difterent
techniques have been developed to control Fjp, automati-
cally [15—23]. In these techniques, feedback of arterial par-
tial pressure of oxygen, P,0, [15], or transcutaneous oxygen
pressure, Po, [16], or arterial oxygen saturation measured
by pulse oximetry, S,0, [17-23] has been used to control
the level of Fio,. The aim has been to prevent hypoxemia
as well as hyperoxemia and to minimize exposure to high
levels of Fip,. In a recent technique developed for this
purpose, two different control algorithms were combined
to optimize the performance of the controller [22-23]. A

fast stepwise control mechanism and a less rapid fine-tuned
control algorithm were combined in this technique. This
oxygen control system demonstrated a significantly shorter
response time to disturbances in oxygen balance of the pa-
tient as compared to the previous techniques. In this study,
this system has been combined with the above-mentioned
closed-loop control technique for the ventilator.

The ventilation controller uses Peco, and S,o,0f the
patient, as well as respiratory compliance and airway resis-
tance data, to automatically adjust the rate and depth of
breathing. The respiratory work rate is minimized in this
process and the I:E ratio is adjusted to allow for effec-
tive emptying of the lungs in expiration. Minimization of
the respiratory work rate reduces the load on the respira-
tory muscles and stimulates natural spontaneous breathing.
This, in turn, could have important implications in reduc-
ing the weaning time from the mechanical ventilator. The
adjustment of the I:E ratio in accordance to breathing rate
and respiratory mechanics, prevents gas trapping in lungs
and development of intrinsic PEEP. The Fjo, controller
provides an eftective and rapid response to oxygen distur-
bances. Using the Fyo, controller, hypoxemia is corrected
robustly while hyperoxemia is minimized and oxygen tox-
icity is prevented [22, 23].

‘While the Fio, controller 1s quite effective in oxygen
control of the patient, it does not help the other aspects
of ventilation such as adjustment of ventilation in response
to COg, respiratory work rate minimization, or preven-
tion of gas trapping in the lungs. Combination of the two
closed-loop control systems results in more effective and ro-
bust control of arterial blood gases, stimulates spontaneous
breathing, and prevents the build up of intrinsic PEEP.
Compared to previous techniques, the system presented in
this paper includes the original aspects of utilizing multiple
data in control of mechanical ventilation, as well as res-
piratory work rate minimization. The overall closed-loop
system is tested by using computer simulations, mechanical
lung studies, and animal experimentation.

METHODS AND MATERIALS

Description of the control system

Figure 1 shows the schematic diagram of the control system
in this study. The digital processor detects and processes
Peco, and Sy, of the patient which are measured by
using breath-by-breath capnography and pulse-oximetry.
This data, together with the airway resistance and respira-
tory compliance data of the patient are used to calculate
control signals for the signal generator and timing con-
trol circuit, which in turn generates control signals for the
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Fig. 1. The schematic diagram of the dual closed-loop control system.

ventilator. The Syo, data is further processed to calculate
and generate a control signal for the oxygen mixer that
controls the concentration of oxygen in the inspired gas of
the patient for every breath. The digital processor uses two
algorithms; the ventilation control program and the Fio,
control program.

The ventilation controller

The input data provided to the closed-loop controller for
mechanical ventilation represent arterial partial pressures
of carbon dioxide and oxygen (P.co,,P.o,), respiratory
elastance, K, airway resistance, K”, metabolic rate ratio,
MRR, and the barometric pressure, P,. Some of these
variables must be measured whereas others can be stored
in the software. In the experiments of this study, Peico, and
Sy0, were measured for every breath by using capnogra-
phy and pulse-oximetry. Data representative of Pyco, and
P,0, were derived from these measurements for each breath
whereas the values of airway resistance and respiratory elas-
tance were monitored and inputted to the controller. The
values of MRR and P, were stored in the software.

The digital processor in the ventilation controller pro-
cesses the input data on a breath-by-breath basis to deter-
mine the required ventilation and the breathing frequency
of the patient. A flow-chart of the sequence of steps per-
formed by the ventilation controller is shown in Figure 2.
As can be seen, at the start of the flow-chart, after having set
up the input and the output ports in step 1, initial values for

ventilation and the breathing frequency are provided to the
output ports of the microprocessor in step 2. The alarm,
coupled with one of the output ports is reset in step 3.
Values representing the difference between P,co, and
Peco,, the positive end expiratory pressure (PEEP), and
Py are read from the input ports or from the memory (if
stored in the software) in step 4. Also, if dead space volume
is measured, the data is read at this point. The respiratory
compliance (1/K"), and the airway resistance (K”) values
are also read in step 4, if they are not continuously moni-
tored. In step 5, the program routine is held for the interval
of the first breath (specified in step 2 by the initial value of
the breathing frequency). Next, a program loop is started
in step 6. Once the loop is entered, the values of Peco,
and S,0, are read from the input ports in step 7. In the
next step, the values of respiratory compliance and airway
resistance are read from the input ports, if the values of
these variables are continuously monitored.

The next step shown at 9 is to calculate the values of
patient’s Pyco, and P,o,. These are calculated according to
the following equations:

Pico, = Paco, + Ki (1)
Po, = (=In[l = (Sp0,)"°]/0.046) + CF @)

The symbols used in the equations are also defined in
the Glossary. In Equation (1), Kj represents the difference
between P,co, and Peco,. This value is measured in ad-
vance and entered in the software in step 4. Depending on
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Fig. 2. Flow-chart of the algorithm for the closed-loop ventilation controller. (Continued on next page)
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the patient’s conditions, the desired P,co, of the patient
can be set by appropriate adjustment of K;. Equation (2) is
based on the blood hemoglobin dissociation curve [24]. CF
in this equation is an added correction factor that can be
adjusted by the medical personnel to shift and correct P,0,
based on the patient’s blood pH level. If the patient’s blood
pH is in the normal range (i.e. 7.45-7.55), CF is set to
zero. If the desired blood pH for the patient deviates from
the normal range, CF needs to be adjusted (3.5 mmHg per
0.1 change in pH) [25].

After P,co, and P,o, are calculated in step 9, they are
compared to their minimum threshold limits in step 10
to detect any artifacts. If either of them is lower than its
minimum threshold limit, an artifact is assumed, data in
the previous loop for the corresponding partial pressure
(or a default value if in the first loop) is resumed, and
an alarm is generated. This is done in order to prevent
provision of too high or too low ventilation to the patient
due to erroneous measurements of Peco, or Syo,. This is
particularly important in regard to Syo, data, which may
be subject to considerable noise due to artifact. This feature
of the algorithm prevents the erroneous measurements of
Sp0, and Peco, from having significant effect on Fio, and
ventilation.

In step 11, the calculated P,co, and P,o, values are com-
pared to upper and lower alarm limits (the lower alarm lim-
its at this step are different from those used to detect artifact
in the previous step). If either of the pressures is outside the
specified range (these ranges can be defined for different
patients), an appropriate signal is generated and provided
to the alarm unit via an output port as shown in step 12. If
the calculated values of P,co, and P,o, are both lower than
the minimum alarm limits, the controller detects the pos-
sibility of a drastic change in the physiological dead space,
such as due to pulmonary embolism, and sends a special
alarm signal in step 14. In this case, predefined ventilation
and frequency values are provided by the controller in step
15 and the routine is transferred to step 33. If both P,co,
and P,0, are not found to be below their lower alarm lim-
its simultaneously in step 13, the step illustrated in 16 is
next performed. In 16, if P,co, is too low, the net effect
of CO, on ventilation is set to zero. Otherwise, the net
effect of CO, concentration on ventilation requirements is
calculated according to the following equation:

e = CiPco, — & 3

where 1{ is the ratio of alveolar ventilation as the net
effect of CO; to the resting value of ventilation, C; is
the sensitivity factor of the controller to CO», and C; is a
constant. Equation (3) is based on multiple factor theory
in control of respiration [10, 26]. In the present study, C;
was set at 0.405 and C, was tuned at 13.0.

Next, as illustrated at 17, P,o, is compared to a threshold
value of 104 mmHg. If the value of P,o, is greater than
or equal to this threshold value, the effect of oxygen on
ventilation is zero (step 18), and program control passes to
step 20. If, on the other hand, the value of P,o, is less
than the threshold value, then step 19 is performed and the
net effect of P,o, on ventilation requirement is calculated
according to the following equation [10, 26]:

Vo = (4.27 x 107)(104 — P,o,)*’ 4)

where 15 is the ratio of alveolar ventilation as the net ef-
fect of oxygen to the resting value of ventilation. In step
20, the rate of metabolism or the metabolic rate ratio (rate
of metabolism/basal rate of metabolism) is read by the con-
troller. This value is either read from the memory or from
an input port. The metabolic rate ratio, MRR, is set equal
to 1 and stored in the software in this study. The next
step, illustrated in 21, is to calculate the effect of increasing
MRR on ventilation. The following equation is used to
calculate the net effect of MRR on ventilation [10, 27]:

Vi = 0.988(MRR — 1) )

where T4 is the ratio of alveolar ventilation as the net effect
of increase in MRR to the resting value of ventilation. In
the next step, illustrated in 22, total alveolar ventilation for
the next breath is calculated according to the following
equation [10, 27]:

Va = (Vaatrest) (Ve + Vo + V) (6)

where 17 is the alveolar ventilation in 1/min. Next, as
shown in 23, the calculated value of T4 is compared to a
minimum threshold value. If T} is less than or equal to the
threshold value, ventilation and breathing frequency are set
to a predefined minimum in 25. Thereafter, program con-
trol turns to step 33 of the loop. If, however, in step 23, the
value of I is determined to be greater than the minimum
threshold value, then step 26 is performed. In step 26, the
patient’s physiologic dead space is determined. This value is
either measured initially and entered in step 4 as mentioned
earlier, or is calculated based on a patient model described
by the following equations in step 26 [10, 27]:

Vo = 0.1698 V4 /60 + C; )
e = o + Vb (8)

where 14, is the dead space, 1&p the added dead space due
to the tubes and connections to the ventilator and T4, the
total dead space volume in liters. The parameter Cs in this
equation depends on the type and conditions of the patient.



For normal adults, it is set to 0.1587 [27] and for infants
equal to 2.28 x 1073 1[28].

As illustrated in step 27, the next step is to calculate the
optimum frequency for the next breath. This is determined
on the basis of minimum work rate criterion. This is done
in order to minimize the respiratory load and to stimulate
natural breathing. The following equation, which is a mod-
ified version of the equation derived by Otis et al. [14], has
been used to calculate the optimum breathing frequency
to minimize the work rate of breathing [10]:

fo Kb+ VK Vo) + GK KT Vap Vo)
- 2 K'"TI2 %

©)

where f is the optimum breathing frequency in breaths/s,
Var the alveolar ventilation in 1/s (Vap = Va/60), K’ the
respiratory elastance (reciprocal of respiratory compliance)
in cmH,O/1 and K” the airway resistance in cmH,O/1/s.

Next, as shown in step 28, frequency (f) is compared
with a minimum threshold value. If the value of f is less
than or equal to the threshold value, ventilation and fre-
quency are set to minimum in step 30 and program control
thereafter turns to step 33. If, however, the value of f is
greater than the minimum threshold value, the next step,
31, is performed. In 31, total ventilation is calculated ac-
cording to the following equation [10]:

Ve = Va+60f I (10)

where 14 represents total ventilation in 1/min. In step 32,
total ventilation and frequency are compared to their upper
limit values. If they happen to be too high, their values are
limited and an alarm is sent to an output port.

In step 33, the mode of operation of the ventilator is
checked. If it is in the pressure control/assist mode, the in-
spiratory pressure is calculated in 34 by using the respiratory
elastance (reciprocal of compliance) value:

P, = K'1V4 + PEEP (11)

where P, is the inspiratory pressure in cm H,O, K’ the
respiratory elastance in cmH,O/1, and 17 the tidal volume
in 1 given by [10]:

Vi = Ta/60f + Vi (12)

In the next step, Py, is compared with PEEP. If it is not
at least 5 cm H,O above PEEP, its value is increased as a
safety measure to avoid gas trapping, and the next step in
37 is performed. As illustrated in step 37, at this stage two
digital signals representing P, and f for the next breath
are transmitted to the assigned output ports. The maximum
limit of P, is set in the ventilator by the medical personnel.
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If in step 33, the ventilator is found to be in the volume
control (VC)/assist mode, the step in 38 is performed. In
this step, as shown, 17 is calculated by using Equation (12)
and compared with a minimum threshold value of 1}, =
Ihe+ Vh. It Vo > Vi, the program control turns to step
40. Otherwise, 14 and correspondingly 1% is increased as
an additional safety measure in step 39, and then the step
40 is performed.

In step 40, as shown, two digital signals representing 14
and f for the next breath are transmitted to the assigned
output ports. In the next step 41, another safety measure is
performed to avoid gas trapping in the lungs. In this step,
the expiratory time is compared with the respiratory time
constant. The minimum inspiratory time is set at 20% of
the breath period. The minimum breath period cannot be
shorter than five times the respiratory time constant, T,
which is the ratio of airway resistance to respiratory elas-
tance (K”/K’). In step 41, if the expiratory time is shorter
than 2.57, the I:E ratio is adjusted in step 42 to allow for
effective emptying of the lungs in expiration and the next
step 43 is then performed. If, however, the expiratory time
is found to be longer or at least equal to 2.57 in step 41,
step 42 is skipped and 43 is followed.

In step 43, a delay interval is adjusted to be equal to
the period of the next breath and the program is held for
this interval in step 44. After the hold time expires, control
turns to A and the procedure is repeated for the next breath.

During the running period, the automatic control can
be turned off and respirator control can be switched to
manual control at any time if needed. It should be noted
that this system is not designed to mask problems that can
occur during mechanical ventilation. For this reason, it has
a built-in alarm circuit that produces different alarm sig-
nals if ventilation, breathing frequency, pressure, oxygen,
or carbon dioxide levels of the patient are outside prede-
fined ranges. These ranges can be redefined in the software
for difterent patients. The controller also safeguards against
erroneous measurements of CO, and O, and unsafe lev-
els of ventilation and breathing frequency, as well as gas
trapping and intrinsic PEEP and it can communicate with
personal computers, printers and other peripheral devices
via an RS-232 communication port.

The Fio, controller

In this study, the closed-loop ventilation controller which
automatically adjusts the frequency and tidal volume of
breaths of the patient is augmented with a closed-loop con-
trol system for automatic adjustment of Fio,. As described
earlier, oxygen level of the patient is provided via one of
the feedback loops to the ventilation controller to adjust
patient’s ventilation. However, oxygen supplementation is
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often necessary in the treatment of patients on mechan-
ical ventilation. In providing the oxygen treatment, it is
essential to prevent hypoxemia as well as hyperoxemia and
to avoid exposure to toxic levels of oxygen concentration
for prolonged periods of time.

In current practice, control of Fjp, in mechanical ven-
tilation is manual. In this study, a recent technique for au-
tomatic adjustment of Fyo, which is designed to be very
sensitive to rapid fluctuations in S,o, has been used in
combination with the closed-loop ventilation controller
[22, 23]. Figure 3 shows the schematic diagram of this
closed-loop Fio, controller. As can be seen in this diagram,
the controller takes feedback of S,0, which is measured
by using pulse-oximetry, to automatically adjust Fio,. At
the beginning, based on the conditions of the patient, all
the set points and threshold values for P,o, and S,0, are
defined by the medical personnel. The control algorithm
takes these values and by using the S,0,input from the
patient determines the required level of F, on a breath-
by-breath basis. The control algorithm is designed to cor-
rect hypoxemia within seconds if S0, falls sharply. This is
done by using a fast stepwise control program to respond to
rapidly declining levels of S0, By using this program, Fio,
is raised stepwise in acute hypoxemia and lowered step-
wise as Sp0, stabilizes, and brought to the safe range. This
program interacts with a proportional-integral-derivative

(PID) routine which is designed to provide a fine-tuned,
less rapid response to hypoxemia and hyperoxemia when
the decline in S§,0, is not abrupt. By using the combination
of the stepwise and the PID algorithms, a rapid robust re-
sponse to hypoxemia is guaranteed while large fluctuations
in P,o, as well as hyperoxemia are prevented. The Fio,
controller has a built-in artifact detector and alarm circuit
that protects it against erroneous measurements of S0, .
The flow-chart of the control program, the mathematical
equations of the system, and the details of its structure and
function have been presented elsewhere [22, 23] and are
not repeated here for brevity.

Mechanical lung studies

Figure 4 shows the general description of the equipment
set up for the mechanical lung studies. A prototype of the
ventilation controller was used in the study. The prototype
comprised a Micromint BCC52 microprocessor board,
A/D and D/A boards, signal generator and timing con-
trol circuits, and an alarm and protection circuit. A sepa-
rate electronic data simulator network was used to simulate
data from the patient and provide them to the ventila-
tion controller as shown in the figure. The controller was
connected to a computer monitoring unit via an RS-232
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communication port. The outputs of the controller were
provided to a Siemens Servo Ventilator 300A via an ex-
ternal cable connected to the analog I/O terminal of the
ventilator, N81. This was done in order to bypass the man-
ual settings on the front panel of the modified ventilator
and control it instead from outside. A Siemens Servo Screen
390 unit was used to monitor the lung mechanics and the
outputs of the ventilator. A Michigan Instruments Dual
Chamber Training Test Lung (TTL) with variable resis-
tance and compliance was hooked up to the ventilator.

Computer simulation studies

The dual closed-loop control system was tested by using
computer simulations. In the simulation experiments, S,0,
was provided to the Fip, controller. The output of the
Fio, controller was applied to an O, air mixer, which was
simulated by using the following first-order equation:

Tid Fio,/dt + Fio, () = G(1) (13)

where G(t) is the control signal applied to the O, air mixer
and T; the time constant of the mixer which was set at 30 s
in the experiments. The S,0, data along with the patient’s
lung mechanics and CO; data were provided to the closed-
loop ventilation controller. The oxygen concentration of
the inspired gas and the frequency and tidal volume outputs
of the ventilator were automatically controlled. The “pa-
tient” was represented by a detailed mathematical model
of the human respiratory system [27]. Since the patient’s
respiration was controlled by the ventilator in these exper-
iments, only the plant was simulated and the respiratory
controller of the patient was not included in the mathe-
matical model. The mathematical equations of this model

are described in detail in [27] and are not repeated here for
brevity.

The simulation results of this study were obtained by us-
ing the block-oriented “Interactive Simulation Language,”
ISL, on a digital computer under different test conditions.

Animal experiments

Six 4-5-month-old Yorkshire pigs weighing 108-132 1b
were used in the experiments. All the experiments were
carried out in accordance with the standards of the Animal
Care Committee at Loma Linda University Medical Cen-
ter. The pigs were orally intubated with a 7.5 mm endotra-
cheal tube. A 20 gauge angiocath was placed in an ear vein
to provide vascular access. A percutaneous arterial catheter
was placed in the groin for blood gas measurements. The
pigs were sedated and paralyzed with continuous i.v. infu-
sion of Fentanyl 30 mcg/kg/h and Pancuronium Bromide
0.2 mg/kg/h. ECG and pulse oximetry probes were placed.
Each animal was placed on the ventilator with both closed-
loop controllers active throughout the experiment.

Equipment set up for animal experiments

Figure 5 shows a block diagram of the equipment set up
for the animal experiments. The equipment composed of
a Siemens Servo Ventilator 300A, a Siemens Servo Screen
390 monitor, a BCI9000 capnograph, a HP78534C mon-
itor for ECG and blood pressure, a Nellcor N-200 pulse
oximeter, a prototype of the closed-loop ventilation con-
troller, a voltage regulator for adjustment of some of the
inputs, a prototype of the Fyo, controller, a computer
hooked up to two closed-loop controllers for inputting data
and monitoring, and another computer monitoring system
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Fig. 5. Block diagram of the equipment set up for the animal experiments.

equipped with LabView software package for recording
and analysis of various experimental data.

The ventilator was controlled via an external cable con-
nected to its N81 analog I/O terminal. According to the
manufacturer’s guidelines, reversible modifications were
made to one of the internal PC boards of the ventila-
tor to allow for the external control of the machine. The
Siemens Servo Screen 390 monitor was used to monitor the
breathing waveforms and the respiratory mechanics data. A
BCI9000 capnograph and a Nellcor N-200 pulse oximeter
were used to provide the Peco, and S0, data, respectively.
These data were inputted to the closed-loop ventilation

controller. The value of Kj, which represents the difter-
ence between P,co, and Peco,, was adjusted periodically
by using the voltage regulator unit. The value of Kj can
be used to set the desired P,co, level based on the patient’s
conditions as is mentioned earlier. In the experiments, Kj
was adjusted by comparing P.co, with P,co, by using pe-
riodic blood gas measurements. The values of K’ and K”
were measured by the Siemens Servo Screen 390 monitor
and the data were inputted to the ventilation controller.
The S0, data measured by the pulse oximeter was also in-
putted to the closed-loop Fjo, controller. Both controllers
were connected to a computer via RS232 communication



Table 1. Results of the mechanical lung studies
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Compliance, Resistance,

1/K’ K’ PEEP Measured Measured F
Test (ml/cmH,0) (emH,O/1/s) © = RC(s) (emH,O) T4 (1) (breaths/min) T (I/min)
Normal 100 7 0.70 0 0.60 12 7.2
COPD 100 16 1.60 0 0.87 7 6.5
COPD 41 38 1.56 5 0.86 7 6.2
Low compliance 37 5 0.18 0 0.43 16 7.0
ARDS 21 0.19 8 0.43 15 6.2
ARDS 22 14 0.31 8 0.46 13 6.1
Obstruction + Low compliance 35 19 0.66 5 0.57 11 6.1
Obstruction + ARDS 22 27 0.59 8 0.54 11 6.2
Obstruction + ARDS 21 38 0.80 8 0.59 10 6.0

ports for monitoring the outputs and adjustment of some
of the initial data in the software. The control signals were
provided to the ventilator via an external cable through the
N81 analog I/0 terminal of the ventilator. Another com-
puter system equipped with the LabView software package
was used to continuously record the experimental data. The
transient and steady-state results were obtained and statisti-
cal analyses of the data were performed. A p-value < 0.05
was considered to determine statistical significance.

RESULTS

Mechanical lung study results

Table 1 shows the results of the mechanical lung studies.
The upper limit pressure of the ventilator was set at 45
cmH,O in these experiments. Chronic Obstructive Pul-
monary Disease (COPD) was simulated by choosing a high
resistance for the mechanical lung and Adult Respiratory
Distress Syndrome (ARDS) was simulated by setting low
the compliance of the test lung. The Siemens Servo Screen
390 monitor was used to measure the resistance, compli-
ance, the breathing rate and tidal volume of the test lung.
In COPD tests, the frequency was low and tidal volume
was high whereas in the ARDS simulations the reverse was
true. The results show that the controller adjusted the out-
puts of the ventilator in a manner generally perceived as
clinically appropriate.

Computer simulation results
Figure 6 shows a sample of the simulation results. In Figure

6a, the Fjo, controller is present but the closed-loop venti-
lation controller is turned off and conventional ventilation

with fixed values of breathing rate (F) of 15 breaths/min
and tidal volume (17) of 0.36 11is applied. The ventilation
setting is deliberately chosen to be lower than normal in this
test, a condition that can arise easily when the ventilator set-
tings are manually adjusted. In Figure 6b, both closed-loop
controllers are present. In both tests, the alveolar—arterial
oxygen difference is increased to 25 mmHg to induce hy-
poxia. The respiratory elastance is 14 cmH,O/1 and the
airway resistance is 8 cmH,O/1/s. As shown in 6a, P,
initially falls to 72 mmHg due to the sudden increase in
the alveolar—arterial oxygen difference. With the interven-
tion of the Fip, controller, hypoxemia is prevented, and
P,o, stabilizes around 86 mmHg after an initial overshoot
to 98 mmHg. In the Fyo, response, there is a slight ini-
tial overshoot to 27% after which it stabilizes around 25%
following a few minor oscillations. As seen in the figure,
although hypoxemia is prevented with the aid of the Fio,
controller, but the level of P,co, steadily rises due to lack
of sufficient ventilation and reaches about 47 mmHg in
about 20 min. In 6b, the test is repeated with the addition
of the closed-loop ventilation controller. As can be seen
in the figure, there is no initial drop in P,o,. In this test,
P,0, stabilizes around 88 mmHg and Fjo, oscillates around
22%. Unlike what is seen in Figure 6a, no hypercapnia is
observed in Figure 6b and P,co, remains around 39 mmHg
throughout the test period. Moreover, a lower Fjo, value
is required for sufficient oxygenation in Figure 6b due to
the combined effects of the controllers.

Comparison of these results shows some of the advan-
tages of closed-loop mechanical ventilation versus man-
ual adjustment of f and V4. As shown here, hypercap-
nia and hypoxemia are both prevented and P,o, is regu-
lated in the normal range requiring lower levels of Fio,
by using the dual closed-loop control system versus us-
ing the Fjo, controller alone. It can also be seen that the
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Fig. 6. A sample of computer simulation results. Transient responses of the system to hypoxia. In (a) only the closed-loop Fio, controller is used while in (b)
the closed-loop ventilation controller is also active. The symbols B, A and — — — correspond to Pyo,, Pico,, and Fio,, respectively.

transient response is shorter and the overall control sys-
tem is more robust when both closed-loop controllers are
present.

Results of animal experiments

In the first part of the experiments, which lasted between
45 and 156 min for different animals, the ventilator was
set in the VC mode. In the second part, which took 60—
142 min, the mode of ventilation was changed to pressure-
regulated volume control (PRVC). In each part, the animals
were subjected to periods of induced hypoxia, hypercarbia,
and apnea. Hypoxia was induced by addition of high con-
centrations of nitrogen (40%) and thereby diluting the air
entering the mixer. Hypercarbia was caused by addition of

carbon dioxide to the inspired gas and apnea was imposed
by temporarily disconnecting the animal from the venti-
lator. Transient as well as steady-state responses were ob-
tained. Blood gas measurements were done intermittently
for every 20—40 min.

Two examples of the transient responses are shown in
Figures 7 and 8. In Figure 7, the transient responses in hy-
percarbia are shown. In this test, the ventilator was in the
VC mode. As can be seen, despite continuous addition of
carbon dioxide (low of 5 1/min of CO; into the air tube)
to the inspired gas, there is only a slight rise in Peco, to 39
mmHg at the onset of the test which is brought down to
around 36 mmHg in less than 15 s by the intervention of
the ventilation controller and the rise in the level of ven-
tilation. The lowered P..co, causes ventilation to decrease
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after about 50 s. Then the low values of ventilation cause
Sp0, to decrease and Peco, to increase. The combined
effects of high Peco, and low §,0, cause a sharp rise in
ventilation after about 100 s. Thereafter, the oscillations in
Peco, and Syo, are reduced and minute ventilation sta-
bilizes around 10 1/min. It should be noted that Peco,
remains in the range of 35-39 mmHg and S0, stays above
96% throughout the test while carbon dioxide is continu-
ously added to the inspired gas. Fio, falls slightly to about
21.5% by the end of the test period.

Figure 8 shows the transient responses in imposed ap-
nea and shortly thereafter. In this experiment, the ventila-
tor was in the PRVC mode. In this test, while respiratory
mechanics along with other input data were used to de-
termine the optimum breathing rate and tidal volume of
the breaths, they were also used to automatically adjust the
inspiratory pressure for every breathing cycle. As can be
seen in Figure 8, at the beginning of the test when apnea
is imposed by disconnecting the animal from the ventilator
tor 40's, S0, sharply falls to around 65%. During the same
time, the reading of the capnometer for Pyco, falls due to
lack of gas flow. Since the animal was disconnected from
the ventilator, the values shown for ventilation, breathing
frequency, tidal volume, and Fjo, in the graphs of Figure
8 during 40 s of apnea were not provided to the animal.
After the period of imposed apnea, as soon as the ventilator
is connected back to the animal, ventilation sharply rises
to about 17 1/min at a frequency of 24 breaths/min, and
Fio, rises to 60% to correct the induced acute hypoxia. It
is seen that both S0, and P.co, are brought back to the
normal levels within 20 s of the intervention of the dual
closed-loop control system.

The summary of the steady-state results in hypoxia and
hypercarbia is shown in Table 2. As shown, the experiments
were done by using the VC mode for 45—156 min and the
PRVC mode for 60—142 min for different animals. Both
closed-loop controllers were used in all experiments. As
shown in Table 2, S,0, and Peco, were maintained in the
normal range all of the time. In hypercarbia experiments,
the levels of S,0, were higher than those in hypoxia due
to higher levels of ventilation. This is true for experiments
using the VC as well as the PRVC mode. The blood gas
results shown in the last three columns of the table indicate
similar results. According to these results, in hypercarbia ex-
periments generally both P,co, and P,o, results are higher
compared to hypoxia experiments. This is due to high lev-
els of CO; in the breathing gas and the resultant higher
levels of ventilation.

The values of Fj, listed in Table 2 are the oxygen con-
centrations measured at the output of the O; air mixer
under steady-state conditions. It should be noted that in
hypoxia experiments, the air coming into the mixer was
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diluted with high concentrations of nitrogen and the oxy-
gen concentrations at the output of the mixer are the result
of addition of the controlled concentrations of oxygen to
the diluted air.

The largest standard deviation in hypoxia experiments
for S0, under steady-state conditions was £1.17% with
a mean value of 96.9% while the ventilator was in the
VC mode. In these tests, minimum S0, was 95% and
it remained above 95.05% most of the time (p < 0.05).
The largest standard deviation for P.co, in these tests was
+1.77 mmHg with a mean value of 39.1 mmHg and the
95% confidence interval of 38.90-39.44 mmHg for the
mean value. The blood gas results show that P,co, ranged
from 33 to 38 mmHg and P,o, ranged between 74 and
126 mmHg in this part of the experiments for different
animals.

In the hypoxia experiments, with the ventilator in the
PRVC mode, the largest standard deviation for Sp0, Was
+1.76% with a mean value of 95.37%. The minimum value
for S0, was 90.4% in these tests and it remained above
91.2% most of the time (p < 0.034). The largest standard
deviation in Peco, was £1.43 mmHg with a mean value of
34.87 mmHg and the 95% confidence interval of 34.42—
35.32 mmHg for the mean value. The blood gas results
show that P,co, in these tests was in the range of 30-38
mmHg and P,o, was in the range of 73—102 mmHg for
different animals.

In hypercarbia experiments, with the ventilator in the
VC mode, the largest standard deviation for S,0, was
£0.46% with a mean value ot 97.22%. The minimum S0,
in these tests was 96.19% and it remained above 96.5% most
of the time (p < 0.019). The largest standard deviation
for Peco, was £1.78 mmHg with a mean value of 39.17
mmHg, and the 95% confidence interval for mean between
38.9 and 39.44 mmHg. According to the blood gas results,
the ranges for P,co, and P,o, for different animals were
33—41 and 80-102 mmHg, respectively.

The results of the hypercarbia experiments with the ven-
tilator in the PRVC mode show the largest standard devi-
ation of £0.60% for §,0, with a mean value of 97.56%.
In these tests, S,0, was always above 96.2% and remained
higher than 96.9% most of the time (p < 0.01). The largest
standard deviation in Pco, was measured at 1.50 mmHg
with a mean value of 39.34 mmHg and the 95% confi-
dence interval for mean of 39.1-39.57 mmHg. The blood
gas results show that P,co, ranged from 32 to 39 mmHg
and P,o, from 74 to 110 mmHg in these experiments for
different animals.

According to these results, the dual closed-loop control
system maintained Puco,, Sp0,, Paco,, and Py, levels of
the animals in the normal range in all the experiments, in
the VC as well as the PRVC modes of the ventilator.
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DISCUSSION

A dual closed-loop control system for mechanical venti-
lation is evaluated. In this system, a ventilation controller
and an oxygen concentration controller are combined. The
breathing frequency, tidal volume, and the inspired fraction
of oxygen, are automatically controlled. The closed-loop
ventilation controller takes data representing oxygen and
carbon dioxide levels of the patient, airway resistance, and
respiratory compliance to automatically adjust f and I7.
This controller determines f and I to minimize the res-
piratory work rate based on a hypothesis by Otis et al. [14].
The I:E ratio is adjusted by the controller to allow for ef-
fective emptying of the lungs in expiration and many other
safeguards are provided in the system as explained above.

The closed-loop Fio, controller uses feedback of arterial
oxygen saturation, $,0,, to determine the required level of
Fio, for every breath. This controller uses the combination
of two algorithms to respond to both slow and rapid distur-
bances in the oxygen balance of the patient. Measurements
that look like artifacts are discarded by the dual closed-loop
control system and alarms are activated if any artifact or any
untoward condition is detected in the patient.

The dual closed-loop control system was tested by us-
ing a detailed mathematical model for humans, as well as
in mechanical lung studies and animal experimentation.
The mechanical lung studies were done to investigate the
effect of significantly changing respiratory mechanics. In
these tests, the values of respiratory compliance and airway
resistance were varied to the extent seen under disease con-
ditions such as severe COPD and ARDS. The animal ex-
periments were performed on six Yorkshire pigs weighing
108-132 1b. In a group of animal experiments, the PRVC
mode of the ventilator in which the inspiratory pressure is
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adjusted automatically in response to changes in respiratory
mechanics, and in another group the VC mode of the ven-
tilator were used in this study. In these tests, hypercapnia
and hypoxemia, conditions caused by respiratory insuffi-
ciency and disease, were induced by continuously blending
high CO, concentrations to the inspired gas and by con-
stantly diluting the air entering the mixer by addition of
high concentration of nitrogen. Also, in some of the tests,
apnea was temporarily imposed to induce hypoxia, and
hypercapnia. Pulse oximetry and capnography techniques
were used to continuously and noninvasively measure the
oxygen and carbon dioxide levels of the patient. Periodic
blood gas measurements were done to check and correct
the noninvasive measurements and software means were
designed and used throughout the experiments to detect
and discard measurement artifacts due to pulse oximetry
and/or capnography. The respiratory mechanics were mea-
sured by using a standard commercial monitor, Siemens
Servo Screen 390. The blood gases, the end-tidal partial
pressure of CO», and the arterial oxygen saturation levels
were maintained in the normal range by the dual closed-
loop controller under difterent disturbances. The analysis
of the results showed that the control system responded in
less than 25 s to bring the end-tidal partial pressure of CO,
and the arterial oxygen saturation to the normal safe range.

In conclusion, the results of this study attest to the effec-
tiveness of the proposed dual closed-loop control system
under the indicated conditions and show the potential of
this control technique to improve ventilatory treatment.
However, it should be emphasized that although there are
significant similarities between the plant parameters in hu-
mans compared to those of the animals tested, there are
still some differences that remain to be investigated in fu-
ture studies.

GLOSSARY

Symbol Definition Unit

C Sensitivity factor of the controller to CO; (mmHg) ™!

(@) Constant tuning factor Dimensionless
G Constant factor 1

CF Correction factor for arterial partial pressure of O, mmHg

f Breathing frequency breaths/s

F Breathing frequency breaths/min
Fro, Inspired fraction of oxygen Dimensionless
I'E Ratio of inspiration time to expiration time Dimensionless
K Adjustment factor for CO, mmHg

K’ Respiratory elastance (resp. compliance) ™! cmH,0/1

K" Airway resistance cmH,O/1/sec
MRR Metabolic rate ratio Dimensionless
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P.co, Arterial partial pressure of CO;, mmHg
P,o, Arterial partial pressure of O, mmHg
PEEP Positive end expiratory pressure cmH,O
P..co, End-tidal partial pressure of CO, mmHg
P, Peak inspiratory pressure cmH,O
Po, Transcutaneous oxygen pressure mmHg
RC Respiratory time constant s
Spo, Arterial oxygen saturation measured by pulse-oximetry Dimensionless
T Respiratory time constant N
T Time constant of the O air mixer sec.
Va Alveolar ventilation 1/min
Var. Alveolar ventilation 1/s
128 Ratio of alveolar ventilation as the net effect of CO; to the resting value of ventilation Dimensionless
H The physiologic dead space volume 1
e Total dead space volume including that of the equipment 1
V& Total ventilation 1/min
VED Added dead space due to tubes and connections 1
149} Ratio of alveolar ventilation as the net effect of increase in the rate of metabolism to the resting dimensionless
value of ventilation
Vinin Minimum allowed tidal volume 1
|28 Ratio of alveolar ventilation as the net effect of oxygen to the resting value of ventilation dimensionless
r Tidal volume 1
11. Laubscher TP, Heinrichs W, Weiler N, Hartmann G, Brunner
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