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START

v

Set the initial values of breathing frequency and tidal volume, |4~ 109
and transmit them to the output ports

A >l

Calculate partial pressures of CO, and O, from o~ 102
the input data and the adjustment coefficients

v

Compare the calculated values of the partial pressures of CO, and O, with 104
their minimum acceptable values to detect any artifact. If any artifact is detected, s~
discard the calculated value and resume the previous value in the memory

v

Compare the values of arterial partiaf pressures of CO5 and O, 106
with their prescribed ranges. If either of the partial pressures is add
outside its prescribed range, transmit an alarm to the output port

v

108

Are both partial pressures
of arterial CO5 and O below their
minimum threshold values?

Yes

Provide predefined
ventilation to

the patient
» v
A Calculate the effect of CO, | 112 | Send aspecial alarm to

the output port warning
against posssiblity of
pulmonary embolism

.
®

on the required ventilation 't

Figure 2a
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16 ¢ arterial partial pressure of

“—~u| Compare arterial partial pressure of | ©0Xygen > threshold value
oxygen with a high threshold value

arterial partial
pressure of oxygen
< threshold value 18 Oxygen has
120 A o effect on
| Calculate the effect of oxygen ventilation

on the required ventilation

<€

122
| Calculate the effect of increase in the metabolic

rate ratio on the required ventilation

124 i

“——a| Calculate the required aveolar
ventilation for the next breath

!

126 Calculate the patient's dead space based on an
“—~a| empirical model if the dead space is not given.
Also calculate total dead space including
that of the equipment

Y

128 Read the values of barometric pressure,
e\ respiratory elastance, and airway
resistence from the input ports

130 ¢

e\ Compute the optimal frequency of breathing
to minimize the respiratory work rate

}

Figure 2b
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132 ¢

~al Calculate total minute ventilation
and tidal volume for the next breath

Y

134 Apply safety rules. If minute ventilation and/or tidal
N volume are too high or too low, limit their values
accordingly and adjust the breathing frequency

v

Compare the breathing frequency
with Fr,5, which is the reciprocal of five times
the respiratory time constant
(5xT)

136

breathing frequency
> Frax

Y
138 Adjust the breathing
frequency to be
breathing frequency equal to Frnay

< Frax

+€

140

Te<251

Compare the expiration time Tg
with 2.5 times the respiratory time constant
(25x1)

142 Adjust the L:E ratio so
| that the expiratory time TE,
isatleastequalto2.51

144 Send the control data to the output ports and hoid the
| routine for the duration of the next breathing cycle

Figure 2¢
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START

v

200
Define the set-point for arterial partial pressure of oxygen F sl

v

Set the initial value of Fio, (fraction of inspired oxygen) |~ 202
and transmit it to an output port

v

Set the initial value of PEEP (positive end expiratory pressure) |g~" 204
and transmit it to an output port

v

Set up a time parameter for PEEP Vet 6
adjustment, TP, and set it initially to zero

v

Set up a control paremeter for PEEP adjustment, AP. If AP is 1.0, 208
PEEP is automatically controlled. If AP = 0.0, then PEEP is rad
controlled manually and only F,02 is controlled automatically

v

Set up all the threshold values for the patient's arterial hemoglobin oxygen [~ 210
saturation (or alternatively, the arterial partial pressure of oxygen)

v

212
Define a loop indicator, (e.g., LI = 1.5) and start the loop V'ad

i gl

Read the value of arterial hemoglobin oxygen saturation |, ~_~ 214
(Spoz) of the patient from the input port

v

Calculate the patient's arterial partial pressure of oxygen

v

Figure 3a

21
KJG

Patent.8



U.S. Patent Sep. 28, 2010 Sheet 6 of 14 US 7,802,571 B2

218
Compare the '

arterial partial pressure of oxygen

with a minimum acceptable value Herial
to detect any artifact a erlna
partial
pressure
arterial of oxygen
partial is less
pressure than the
of oxygen minimum
is higher acceptable
than or value
equal to the
minimum
acceptable Y
velue 223’\ Detect an artifact
and generate
an alarm signal
Ignore the last Oo
input data, Spo,,
209 and consider
“——~a| the arterial partial
pressure of oxygen
to be the same
as its value before the
latest measurement
<€
\ 4
Figure 3b
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224
K'\/

Compare the O,
input data (Spg,) with a minimum safe value
(1st threshold value)

Spo, is less
than or equal to
the minimum

safe value

Sp02 is
higher than
the minimum

safe value
226 Define and start
Nl

loop B and set LI
(e.g., LI =25)

v

Increase Fig,
228 stepwise to a high
| value, F1, (e.g. 60%)
and send it to
the output port

230 ¢

| Generate an alarm

v
Y 232 @

Compare the
O, input data (Spoz) with a
second threshold value

Sp02 is less
than the second

threshold value
Spo, is higher reshoid vaiu

than or equal
to the second
threshold value

Figure 3c
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¢ 242 ¢ 234
Examine the loop indicator, LI Faad Examine the loop indicator, LI e~
244 o~ 236
Yes Yes
No : No %
238
Is Ll <3? : Jes
Y
No Define and start 248 N °
loop C and set LI s~ ©
(e.g., LI =3.5)
240
4
Set Fip,ata Yos
moderately high
level, F2,
(e.g., 45%) o~ 250
stepwise and No
transmit it to
the output port :
Y
Figure 3d

Patent.11



US 7,802,571 B2

U.S. Patent Sep. 28, 2010 Sheet 9 of 14
252
Is Li < 4? L
No

260

Spo, is less than the
4th threshold value

Compare the
O, input data (Spg,)
with a fourth
threshold
value

Spo, is higher
than or equal to the
4th threshold value

Define and start loop E
for the proportional, 262
integral, derivative, (PID) |4~
control procedure and
set LI (e.g., LI=1.5)

v

Calculate the differential,
proportional, and the
integral errors for the

arterial partial pressure
of oxygen

R

264
L~

O input data (Spg,)

254
~

Spo, is less than the
3rd threshold value

Compare the

with a third
threshold
value

Spo, is higher
than or equal to the
3rd threshold value

4

«

Y

O,

Define and start
loop D and set LI
(e.g..Li=45)

256
K\/

v

Set F|02 ata
slightly high
level, F3,
(e.g., 30%)
stepwise and
transmit it to
the output port

258
K\/

Figure 3e
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v

Calculate the P 266
required Fg,
268

Compare the
calculated value of

Sheet 10 of 14

Calculated F\q, is less than 21%

Fio, with a minimum
of 21%

Calcutated Fio, is equal
to or higher than 21%

272
K\/

Compare Fio,
with a maximum

US 7,802,571 B2
Y

SetFp,at21%

and Iseznd ito Y~ s

the output port

Calculated Fp, is less than or equal
to the maximum allowed value

allowed value
(e.g., 80%)

Calculated Fg, is higher than
the maximum allowed value

Set Fip, at the maximum
allowed value and
send it to the output port
and generate an alarm

280
K‘\/

Y

Set F\g, at the calculated
value and send it to the
output port

274
o~

276
F|02 < 60%

Compare Fo,
with 60%

Fiop = 60%

278
o~

Generate an alarm

‘A\

Figure 3f
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Calculate the ratio [, ~282

of PEEP / F|02

Y

284

Is the control
parameter for PEEP
adjustment, AP,
less than 1?

Yes

No PEEP / Fip, ratio Yes
less than a minimum
allowed value v
(e.g., 0.12)?
=8 | Generate an alarm
290
o~
PEEP /Fio,
ratio greater than a Yes
maximum allowed value
(e.g., 0.22)?
Generate an alarm
\4

Figure 3g
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l«

O,

Start the automatic PEEP
adjustment control loop

294
K\/

v

Is the
PEEP / Fig,
ratio less than a
minimum allowed value
(e.g., 0.12)?

No

296

Yes

US 7,802,571 B2

iy

Examine how long ago
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METHOD AND APPARATUS FOR
CONTROLLING A VENTILATOR

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. provisional
patent application No. 60/481,693, filed Nov. 21, 2003, the
entire contents of which are incorporated herein by reference.
This application is related to U.S. Pat. No. 4,986,268 entitled
“Method and Apparatus for Controlling an Artificial Respi-
rator,” the disclosure of which is incorporated by reference.

BACKGROUND OF INVENTION

1. Field of the Invention

The present invention relates to a method and apparatus for
controlling a ventilator such as a mechanical ventilator (i.e. an
artificial respirator) or a respiratory assist device. In particu-
lar, the present invention relates to a method and apparatus for
controlling a ventilator based on the measured levels of oxy-
gen of the patient on the ventilator, as well as other physical
conditions of the patient.

2. Background of the Invention

Mechanical ventilators and other respiratory assist devices
are extensively used to treat and manage all patient popula-
tions. In the past few decades, there have been significant
changes in the features offered by the ventilators and they
have become increasingly responsive to individual patient
needs. However, despite much advancement in these devices,
most ventilators used today are still mainly open-loop con-
trolled devices and their added features have to some extent
contributed to their complexity. The clinicians are required to
make many important selections among the wide range of
options available in advanced mechanical ventilators. Opti-
mal adjustment of these machines oftentimes requires in
depth knowledge about the ventilator along-with thorough
review of the patient’s status and his/her underlying illness.
These adjustments are particularly cumbersome and frequent
in more fragile and less medically stable patients.

There have been many attempts in the past to automatically
control some of the main outputs of mechanical ventilators.
See Y. Mitamura et al., “A dual control system for assisting
respiration,” Medical and Biological Engineering, vol. 13, no.
6, pages 846-854, 1975, Yu et al., “Improvement in arterial
oxygen control using multiple model adaptive control proce-
dures,” IEEE Transactions on Biomedical Engineering,
BME-34(8), pages 567-574, 1987, and U.S. Pat. No. 4,986,
268 to F. T. Tehrani, issued Jan. 22, 1991, entitled “Method
and apparatus for controlling an artificial respirator.”

Also, see U.S. Pat. No. 5,103,814 to T. Maher, issued Apr.
14, 1992, entitled “Self-compensating patient respirator,”
Morozoff P. E., and Evans R. W., “Closed-loop control of
S,.0» 1n the neonate,” Biomedical Instrumentation and Tech-
nology, vol. 26, pages 117-123, 1992, U.S. Pat. No. 5,365,922
to D. B. Raemer issued Nov. 22, 1994 entitled “Closed-loop
non-invasive oxygen saturation control system,” Tehrani et al.
“Closed-loop control of the inspired fraction of oxygen in
mechanical ventilation,” Journal of Clinical Monitoring and
Computing, vol. 17, No. 6, pages 367-376, 2002, and U.S.
Pat. No. 6,671,529 to N. R. Claure et al., issued Dec. 30, 2003,
entitled “System and method for closed-loop controlled
inspired oxygen concentration.”

Some of the prior art on this subject is focused on control-
ling the patient’s oxygenation, and some is intended to auto-
matically control the breathing frequency and tidal volume.
The systems intended for controlling only the oxygen level of
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the patient on the ventilator, either do not provide the auto-
mation of all factors that affect oxygenation and/or they do
not provide a reliable and sufficiently robust response against
oxygen disturbances.

Inaddition to advancement in mechanical ventilators, there
have been many attempts in recent years to prevent the col-
lapse of the airways and apnea in spontaneously breathing
patients specially during sleep, by using less elaborate
machines than mechanical ventilators, generally known as
CPAP machines (CPAP stands for Continuous Positive Air-
way Pressure). In these machines, either a constant pressure is
applied to the patient’s airways throughout respiration (i.e.
CPAP), or a combination of CPAP and pressure support in
inspiration is used to ventilate the patient (e.g. bilevel CPAP
machines). See U.S. Pat. No. 4,773,411 to J. B. Downs issued
Sep. 27, 1988, entitled “Method and apparatus for ventilatory
therapy,” International Patent Publication No. WO 99/61088
to Resmed Limited, issued Dec. 2, 1999, entitled “Ventilatory
assistance for treatment of cardiac failure and Cheyne-Stokes
breathing,” U.S. Pat. No. 6,539,940 to R. J. Zdrojkowski et
al.,, issued Apr. 1, 2003, entitled “Breathing gas delivery
method and apparatus,” and U.S. Pat. No. 6,752,151 to P. D.
Hill, issued Jun. 22, 2004, entitled “Method and apparatus for
providing variable positive airway pressure.”

In one embodiment, the present invention describes a
method and apparatus that can reliably and robustly control
PEEP (or CPAP), and F,,,. These are novel features which
significantly improve the oxygenation of patients during ven-
tilatory therapy provided by mechanical ventilators as well as
respiratory devices such as CPAP machines.

Furthermore, in a more elaborate embodiment of the inven-
tion, in addition to PEEP (or CPAP) and F,,,, the I:E ratio of
the patient can be automatically adjusted and by further inclu-
sion of the features of U.S. Pat. No. 4,986,268, the breathing
frequency, and tidal volume can be automatically controlled
in mechanical ventilation. Application of these features
results in a significantly more effective and optimal treatment
to the patient based on his/her conditions and requirements, in
total or assist ventilatory therapy.

SUMMARY OF INVENTION

A method and apparatus for controlling a ventilator
includes first means receiving at least input data indicative of
the patient’s measured oxygen levels, and in a more elaborate
embodiment of the invention, the first means also receives
respiratory mechanics and/or pressure-volume data, as well
as data indicative of measured carbon dioxide levels of the
patient. The first means which preferably comprises a pro-
grammable microprocessor, is controlled by a software algo-
rithm to operate on the input data, and to provide digital
output data to control the ventilator and the gas mixer of the
ventilator. The software algorithm is divided into two control
programs. One control program which can either be used by
itself or along with the other program, is designed to auto-
matically adjust I, and PEEP (or CPAP), based on at least
the measured oxygen levels of the patient. The control pro-
gram also operates on data from a pressure volume (PV)
monitor/analyzer to set the initial PEEP value in certain
groups of respiratory patients. The processing means detects
hazardous conditions based on the input data and/or artifacts,
replaces and/or corrects the measurement artifacts, and
instructs generation of appropriate warning signals. The other
control program, most of which is described in U.S. Pat. No.
4,986,268, is designed to control the frequency and ventila-
tion for a next breath of the patient on the ventilator based on
at least data indicative of measured CO, and O, levels of the
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patient, barometric pressure (as a reference pressure), and
respiratory elastance and airway resistance (respiratory
mechanics) data; and to make necessary adjustments in the
I:E ratio based on the patient’s respiratory mechanics data.
The output data from the 1°* means indicative of PEEP (or
CPAP), F;5,, the adjustment in the I:E ratio, breathing fre-
quency, and ventilation, and status of alarms are transmitted
to a Signal Generator which is equipped with converters
and/or other electronic components to generate the control
and appropriate warning signals. The control signals for the
breathing frequency, ventilation, PEEP (or CPAP), and the
adjustment in the I:E ratio are supplied to the ventilator. The
control signal for F,,, is supplied to a mixer regulator unit
which adjusts the concentration of oxygen added to the inha-
lation gas in the gas mixer of the ventilator. Based on the
instructions from the 1°* means, the alarm circuit generates
appropriate warning signals when needed.

BRIEF DESCRIPTION OF DRAWINGS

FIGS. 1-4 illustrate a preferred embodiment of the present
invention. However, it is understood that this invention is not
limited to the precise arrangements shown in the figures and
can be embodied in other arrangements without deviating
from the scope of the invention.

FIG.1isablock diagram of'a mechanical ventilator and the
control apparatus according to an alternative embodiment of
the invention.

FIGS. 2a-2¢ show the flow chart of a software algorithm
that also incorporates the control technique described in U.S.
Pat. No. 4,986,268, to automatically control breathing fre-
quency, tidal volume, and the adjustment in the I: E ratio of the
patient on the ventilator, according to a preferred method of
the present invention.

FIGS. 3a-3i show the flow chart of a software algorithm to
automatically control PEEP (or CPAP) and F,, according to
a preferred method of the present invention.

FIG. 4 shows a preferred detailed schematic diagram of a
Signal Generator and an Alarm Circuit, for use in a preferred
practice of the present invention.

DETAILED DESCRIPTION

Definitions

In the specification and claims:

1—The term “ventilator” refers to adevice which is used to
provide total or assist ventilatory treatment to patients,
and includes mechanical ventilators (i.e. artificial respi-
rators) or CPAP (Continuous Positive Airway Pressure)
machines.

2—The term “PEEP” represents “Positive End-Expiratory
Pressure” and is interchangeable with the term “CPAP,”
which represents “Continuous Positive Airway Pres-
sure,” for example, when assist ventilation is provided to
spontaneously breathing subjects.

3—The term “F,,,” represents “concentration of oxygen
in a patient’s inspiratory gas” which is the same as
“fraction of inspired oxygen.”

4—The term I:E represents the “ratio of inspiration time to
expiration time.”

DESCRIPTION OF PREFERRED
EMBODIMENTS

FIG. 1 shows a block diagram according to an alternative
practice of the present invention. The digital processor 10
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includes a programmable controller coupled to receive the
outputs of 8 bit A/D converters 12, 14 and 16 as shown. The
A/D converters 18 and 20 are each a single 8 bit A/D con-
verter. The A/D converter unit 22 is an A/D board containing
three 8 bit A/D converters. The inputs 24, 26, and 28 of the
A/Ds are from an oxygen sensor, preferably a pulse oximeter,
30, a CO, sensor, such as a transcutaneous monitor or pref-
erably a capnograph, 32, and a lung mechanics calculator and
PV monitor, 34. The outputs 24, and 26 are each a single
analog signal while the output 28 represents 3 analog signals;
1—representing respiratory elastance, 2—representing res-
piratory airway resistance (air viscosity factor in the lungs),
and 3—representing the lower inflection point on the inspira-
tory or expiratory PV curve of the patient, or alternatively, the
measured intrinsic PEEP (PEEP1) of the patient on the ven-
tilator. The inputs to the oxygen sensor and the carbon dioxide
sensor are respectively shown at 40 and 42 coming from the
patient. The input 40 is preferably the arterial hemoglobin
oxygen saturation data and the input to the CO, sensor shown
at 42 is preferably the exhaled gas from the patient from
which the end-tidal CO, concentration or the end-tidal partial
pressure of CO, is determined by the sensor. The lung
mechanics calculator and PV monitor, 34, receives data from
the mechanical ventilator shown at 56, or from the patient
through the ventilator circuit, on the line illustrated at 36 and
communicates back to the ventilator as shown at 38. The
digital processor’s outputs shown at 44 are applied to a Signal
Generator Circuit, illustrated at 46. The Signal Generator
Circuit sends alarm instruction signals 52 to the alarm circuit
54.

The mechanical ventilator 56 receives the control signals
48 from the Signal Generator Circuit 46. These consist of
signals to control PEEP, breathing frequency, tidal volume,
and the adjustment in the L:E ratio of the patient. A Mixer
Regulator circuit 58, receives control signals to adjust F,,
50, from the Signal Generator Circuit 46. An oxygen air mixer
62 receives the adjusted output signal 60 from the Mixer
Regulator 58. The concentration of oxygen in the mixer is
thereby adjusted by mixing the determined concentration of
oxygen 66 coming from the oxygen supply 70 and that of air
64 coming from the air compressor 68. The enriched oxygen-
ated air 72 from the mixer is provided to the ventilator 56
which delivers it to the patient at 74.

Referring to FIG. 2a-2c¢, there is illustrated a flow chart of
the algorithm to control the breathing frequency, ventilation,
and the adjustment in the LE ratio in an alternative embodi-
ment of the invention. As seen at the start of the flow chart, the
initial values of breathing frequency and tidal volume are
transmitted to the output ports in step 100. Then the main loop
at A is started and in the next step at 102, based on data
indicative of CO, and O, levels of the patient which are
preferably provided by a capnograph and a pulse oximeter
respectively, the arterial partial pressures of CO, and O, are
calculated by using the following equations:

Pacor=PecortK,

=In [1 = (S,0,)°°]

Peo, = 0.046

Where P,.,, and P, are arterial partial pressures of CO,
and O, respectively, P, - is the end-tidal partial pressure of
CO, measured by the CO, sensor, and K, is the difference
between the arterial partial pressure of CO, and the end-tidal
partial pressure of CO,. K, can be measured in advance and
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depending on the patient’s conditions, it can be adjusted to set
the desired P, of the patient. S,,,, is the arterial hemoglo-
bin oxygen saturation of the patient measured by a pulse
oximeter and CP is an added correction factor which is used
to correct and shift P,,, based on the patient’s measured
blood pH level. If the patient’s blood pH level is in the 7.45-
7.55 range, CP is set to zero. Otherwise, CP needs to be
adjusted by +3.5 mm Hg per every —0.1 deviation in pH from
the above range. After the calculation of P ., and P, ,,, their
values are compared to defined minimum acceptable levels to
determine whether there has been any measurement artifact in
step 104. If any artifact is detected, the calculated value is
discarded and the previous calculated value is resumed. In the
next step at 106, if P .., and/or P, are not within certain
defined ranges, alarms are transmitted to the output ports. In
the step that follows at 108, if the calculated P, ., and P,
values are both lower than their minimum threshold limits
(which are different from the minimum acceptable values
used in step 104), the possibility of pulmonary embolism is
assumed, predefined levels of ventilation and breathing fre-
quency are provided, and an alarm is generated in steps 110
and 112, and the program returns to A. However, if the cal-
culated P, and P, values are not found to be simulta-
neously lower than their minimum threshold levels in 108,
then the effect of CO, on the required ventilation is calculated
in step 114:

Ve=C-Pacon=Cs

Where V. 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, (e.g., C,=0.405) and
C, is a constant (e.g., C,=14.88).

Next, in step 116, the P,,, value is compared to a high
threshold limit of 104 mm Hg. If P, ,, is greater than or equal
to this threshold value, the effect of oxygen on ventilation is
set to zero in 118, and the next step at 122 is followed.
Otherwise, if P, is found to be less than the threshold value
in step 116, then control is passed to step 120 in which the
effect of oxygen on the required ventilation is calculated by
using the following equation:

Vo=(4.72x107)(104-P_,,)*?

Where V,, is the ratio of alveolar ventilation as the net
effect of oxygen to the resting value of ventilation. It is
recognized that the above equations are based on the use of a
capnograph and a pulse oximeter to measure the carbon diox-
ide and oxygen levels of the patient respectively. If other
measurement techniques are utilized to provide data indica-
tive of said levels, then other alternative equations may be
used to determine the required ventilation for the patient,
without deviating from the scope and the essential attributes
of the invention.

In the next step at 122, the effect of increase in the meta-
bolic rate ratio, MRR, (i.e. rate of metabolism/basal rate of
metabolism), on ventilation is calculated by using the follow-
ing equation:

Vi ~0.988(MRR-1)

Where V,, is the ratio of alveolar ventilation as the net
effect of increase in the metabolic rate ratio, MRR, to the
resting value of ventilation, and MRR is an input to the
algorithm. In the next step at 124, total alveolar ventilation for
the next breath is calculated:

V=V atrest)(VeAVo+Vay)

Where 'V , is alveolar ventilation in liters/minute and V , at
rest is the alveolar ventilation at rest which is input and stored
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in the software. In the next step at 126, the physiological dead
space of the patient, and the total dead space including that of
the equipment are calculated, if not provided in advance, as
follows:

Vp=(0.1698V,/60)+0.1587

Vo~Vp+Vep

In these equations, V, is the patient’s dead space in liters,
Vp is the equipment dead space due to the tubes and con-
nections, and V, is the total dead space. It should be noted
that the constant factors in these equations are based on mea-
sured experimental values for adults and can therefore be
different for individual patients. Also, for other patient popu-
lations, they need to be adjusted. For example the constant
factor of 0.1587 should change to a much smaller value for
infants (e.g., 2.28x107%). In the next step at 128, data indica-
tive of barometric pressure and the patient’s airway resistance
(or the air viscosity factor in the lungs) and respiratory
elastance are read from the input ports. The barometric pres-
sure data which is affected mostly by the altitude, is used as a
reference pressure (for the purpose of calibration) in the
invention.

In the next step at 130, the optimal frequency for the next
breath is computed. This calculation is based on minimization
of the respiratory work rate and is done in order to stimulate
natural breathing, provide a more comfortable breathing pat-
tern to the patient, and thereby, expedite the weaning process
in assisted ventilation. The following equation, which is a
modified version of an equation derived in 1950 by Otis et al.
to describe the control of breathing frequency in mammals, is
used to calculate the optimal breathing frequency in the
invention:

—K'Vp + (K" Vp) + 4K K" T2V 15V

/= 2K T2V,

where f is the optimum breathing frequency in breaths/
second, V ,, is the alveolar ventilation in liters/second and is
equal to V /60, K' is the respiratory elastance (reciprocal of
respiratory compliance) in cm H,O/liter and K" is the airway
resistance in cm H,O/liter/second. Next in step 132, the
required minute ventilation and tidal volume are calculated:

V=V +60fVp,
V=V /60f+Vp,

Where V. represents total minute ventilation in liters/
minute and V ;- is tidal volume in liters. In the next step at 134,
additional safety rules are applied. If breathing frequency, f,
tidal volume, V,, or minute ventilation are not within pre-
scribed safe ranges, their values are limited and adjusted.

In the next step 136 which follows, the breathing frequency
is compared with an upper limit value F,, .. This upper limit
frequency is defined as:

BV

Where T is the respiratory time constant and is equal to
K"/K'. If in step 136, the breathing frequency is found to be
higher than F,, ., then in the next step at 138, its value is
reduced to F,,,, (in which case V is also adjusted according
to procedures in steps 132 and 134), and step 140 is followed.
Otherwise, if the computed breathing frequency is less than or
equal to F,,,.. it does not need further adjustment and the
program is transferred to step 140. In step 140, the expiration
time, T, is compared to 2.5 times 7. If it is found to be less
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than 2.5, then step 142 is followed and the I:E ratio (the ratio
of the inspiratory time to the expiratory time) is adjusted, so
that T, becomes at least equal to 2.5 t. Otherwise, if T is
found to be greater than or equal to 2.5 T in step 140, it does
not need to be adjusted (i.e. the adjustment value is zero) and
the program is transferred to step 144. The reason for the
adjustments in the breathing frequency and T in steps 138
and 142 mentioned above, is to provide sufficient time for
exhalation based on the patient’s respiratory time constant
and to avoid build up of intrinsic positive end-expiratory
pressure (PEEP1).

In step 144 that follows, the calculated values for ventila-
tion, breathing frequency, and the adjustment in the I:E ratio
for the next breath are provided to the output ports. At this
point, if the ventilator is in the pressure control/assist mode,
the inspiratory pressure is calculated by using the following
equation:

P, =K'V +PEEP

where P, is the inspiratory pressure in cm H,O. Thereafter,
the control data indicative of P,, is also provided to an output
portand the routine is held for the duration of the next breath-
ing cycle. After the delay is passed, the program returns to the
beginning of the loop at A.

It should be noted that the major portion of the procedure
depicted in FIG. 2 to calculate the optimal breathing fre-
quency and tidal volume of the breaths of a patient and con-
trolling them automatically, has been described in U.S. Pat.
No. 4,986,268. In the present invention, the necessary adjust-
ments in the LE ratio are controlled automatically as
described above, and the levels of I, and PEEP are auto-
matically controlled by another algorithm which is described
next.

Referring to FIGS. 3a-3i, there is illustrated a flow chart of
a control algorithm which is operated upon by the digital
processor. This algorithm is either run by itself, or in an
alternative embodiment of the invention, it is run in parallel to
the algorithm of FIGS. 2a-2¢ described above. The purpose of
this algorithm is to automatically control the levels of F,,,
and PEEP provided to the patient on the ventilator and
thereby improve the patient’s oxygenation. The method
depicted in FIGS. 3a-3i can be used for patients on mechani-
cal ventilation or those on respiratory assist devices receiving
CPAP treatment. Depending on the type of the ventilatory
treatment, the term PEEP in the flow chart is meant to be
interchangeable with CPAP.

As s seen, at the start of the flow chart, the desired set point
for arterial partial pressure of oxygen of the patient is defined
in step 200. This is done on the basis of the patient’s condi-
tions and his/her underlying illness. Then in the next step at
202, the initial value of F,,, is set and transmitted to the
output port.

In step 204 that follows next, the initial value of PEEP is set
and transmitted to an output port. The initial value of PEEP
can be set by using different options. For certain patient
groups such as COPD patients, the initial PEEP can be chosen
to be 80% to 85% of the intrinsic PEEP (PEEP1) which needs
to be measured in advance. For some other patient groups
such as ARDS patients, the initial PEEP setting can be chosen
to be 3-4 cm H,O above the lower inflection pressure point of
the inspiratory (or the expiratory) pressure volume curve of
the patient. This value can either be calculated by the lung
mechanics calculator and PV monitor unit and provided auto-
matically to the digital processor via an input port, or the
calculated value of the pressure can be provided manually by
the clinician either through one of the input ports or via
software. The third option is that the clinician arbitrarily
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decides an initial setting for PEEP and provides it to the
digital processor, preferably via software. After setting the
initial PEEP value in 204, the next step in 206 is followed. At
this point, a time parameter (e.g., TP) for PEEP adjustment is
defined and initially set to zero. The purpose of defining this
parameter is to guarantee that PEEP adjustments are done
only after a certain time has elapsed since the latest adjust-
ment, thereby giving enough time to an adjustment in PEEP to
make an impact on the patient’s oxygenation.

In step 208 which follows next, another parameter, AP, for
PEEP adjustment is defined. If this parameter is set to zero,
then PEEP is controlled manually and only F,,, is automati-
cally adjusted. If AP is set to one, then both F,,, and PEEP are
automatically controlled.

In the next step 210, the threshold values for arterial hemo-
globin oxygen saturation, S,,,, (or alternatively for arterial
partial pressure of oxygen) are defined. In a preferred practice
of the invention, four threshold values are defined for S, .,
and they are set at 90%, 93%, 95%, and 97% respectively.
However, the threshold values may differ for different
patients. They should be defined based on the patient’s con-
ditions and the desired levels of oxygenation.

Next, program control passes to step 212 in which a loop
indicator (e.g., LI) is defined and is set to 1.5, and the main
loop starts at A".

In the next step in 214, the patient’s S, data is read from
one of the input ports, and in step 216, the arterial partial
pressure of oxygen is calculated from the S,,,, data as:

~In [1 = (Spo,)*]

0.046 £GE

Peo, =

Where P, is the arterial partial pressure of oxygen, and
CP is an added correction factor which is used to shift P,
based on the patient’s measured blood pH level. If the
patient’s blood pH is within 7.45-7.55, then CP is set to zero.
Otherwise, for every +0.1 deviation in pH from this range, CP
is adjusted by -3.5 mm Hg as was also mentioned in the
description of FIG. 2 earlier.

In step 218 that follows next, the calculated partial pressure
of oxygen, P,,,, is compared with a minimum acceptable
value. This is done to detect artifacts in the measurement of
S,02- I the calculated P, is found to be less than the mini-
mum acceptable value, then control passes to step 220 in
which an artifact is assumed and an alarm is generated. Then
step 222 is performed in which the S, data is discarded and
the previous value Of P, in the memory is resumed and step
224 is followed. However, if in 218, the calculated P, is
found to be greater than or equal to the minimum acceptable
value, its value is accepted and control passes to step 224.

In step 224, S,,,, is compared to a minimum safe value,
which is the first threshold value defined previously in step
210 (e.g., 90%). If S, 5, is less than or equal to the minimum
safe value, loop B is started in 226 and the loop indicator, LI,
is setto 2.5. Then in step 228, F,,, is increased stepwise (i.e.
in a step-like arrangement) to a high value, F1, (e.g., 60%),
and an alarm is generated in 230. Control then passes to loop
F at which the procedure of PEEP adjustment begins as will
be described later. However, if S, is found to be higher than
the minimum safe value in step 224, control passes to 232
where S, ,, is compared to a second threshold value (e.g.,
93%). If' S, is less than the second threshold value, then
steps 234 and 236 are followed in which the loop indicator,
LI, is examined and compared to 2. If L1 is less than 2, control
passes to another loop E which will be described later. If L1 is
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greater than or equal to 2, the next step in 238 is performed in
which L1is compared to 3. If LI is less than 3, control passes
to loop B (where F,,, was set high at F1, e.g., 60%), other-
wise, the program transfers to step 240. In this step, LI is
compared to 4. If it is less than 4, control passes to loop C;
otherwise, the program transfers to loop D (loops C and D
will be described later).

Back to step 232, if' S, is found to be higher than or equal
to the 2 threshold value (e.g., 93%), then steps 242 and 244
are followed in which LI is compared to 2. If it is less than 2,
control passes to loop E. Otherwise, in the next step at 246, L1
is compared to 3. If less than 3, loop C is defined and started
at 248, and L1 is set to 3.5. Then in step 250, F,,, is set
stepwise at a moderately high value, F2 (e.g., 45%), and
control transfers to loop F in which the procedure of PEEP
adjustment is followed. However, if in step 246, LI is found to
be greater than or equal to 3, control passes to step 252 in
which LI is compared to 4. If L is less than 4, then S, is
compared to a third threshold value (e.g., 95%) in step 254. If
S,02 is less than the third threshold value, control passes to
loop C in which F,,, was set at a moderately high level, F2
(e.g., 45%). Otherwise, if S ,,, is found to be higher than or
equal to the third threshold value in 254, then the next step in
256 is followed in which loop D is defined and started and LI
is setto 4.5. Next in step 258, I, is set stepwise at a slightly
high level, F3 (e.g., 30%), and control passes to loop F.

Back to step 252, if LI is found to be greater than or equal
to4,thenS,,,,is comparedtoa 4" threshold value (e.g., 97%)
instep 260. If S, 5, is less than the 4" threshold value, control
passes to loop D in which F,,, was set at a slightly high value,
F3 (e.g., 30%). Otherwise, if S, is higher than or equal to
the 4” threshold value in 260, then loop E is started in 262 and
LIis setto 1.5. In loop E, a proportional, integral, derivative
(PID) control procedure is performed to adjust F,,, (PID
control is a control technique comprising proportional, inte-
gral, and derivative terms). In the next step at 264, using the
P,o» set point defined in step 200, the proportional, differen-
tial, and integral components of error are calculated as fol-
lows:

Y (k)=Paon(set-point)-Poon
Y=Y (k)-Y, (k-1))/ T

Y3(k)=Y3(k=1)+TY (k)

In the above equations, Y, (k), Y,(k), and Y;(k) represent
the proportional, differential, and integral components of
error in P, respectively, and T is a sampling interval.

In step 266 that follows, the required F,,, is calculated by
using the following equations:

E(R)=a (+pY;(k)+y Yo (k)

G(R)=E(k)+0.21

Where E(k) is an error function, o, f3, and y are the PID
coefficients, and G(k) is the required F,,,. In a preferred
practice of the invention, T is set to 0.75 seconds, and a., 3,
and y are set to 6.45x107°,3.22x107°, and 7.29x107° respec-
tively. These parameters were tuned to minimize steady-state
oscillations and to keep the overshoot/undershoot in the F,,,
response of the PID controller below 25% of the total change.
It is also recognized that other error correction schemes can
be used to determine F,,,. As long as those schemes reduce
the error in the oxygen level of the patient in a similar way as
described above, they will be within the scope of the present
invention.

In the next step in 268, the calculated value of F,,, is
compared with a minimum of 0.21 (i.e. 21%). If the F,,,
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value is less than 21%, in step 270 which follows, it is set to
a minimum of 21% and control passes to loop F. However, if
in 268, F,,, is found to be greater than or equal to 21%,
control passes to step 272 in which F,,, is compared to a
maximum allowed value (e.g., 80%). If F,, is less than or
equal to the maximum allowed value, the next step in 274 is
followed where the calculated value of F,,, is sent to the
output port and control passes to step 276. In this step F,, is
compared to 60%. If it is less than 60%, control passes to loop
F. Otherwise, an alarm is generated in 278 and then control
transfers to loop F.

Back to step 272, if the calculated value of F, is found to
be higher than the maximum allowed value, it is reduced to
the maximum value in step 280, an alarm is generated, and
then control transfers to loop F.

Up to the beginning of loop F at step 282, the focus of
control is on automatic control of F,,,. As shown, two differ-
ent mechanisms are incorporated in the control process of
F;0, in a preferred practice of the invention. One, a rapid
stepwise control scheme which responds instantly to fast
declines in S,,,,, and the other, a more finely controlled PID
algorithm that provides fine control of F,,, in the absence of
sharp and hazardous declinesinS,, . The stepwise controller
in a preferred practice of the invention has three loops, each
with its defined minimum and maximum S, threshold lev-
els. These three loops were shown respectively at B, C, and D,
and the PID control loop was shown at E in the flow chart of
FIG. 3. The controller switches from the PID control to the
rapid stepwise algorithm only if rapid declines in S, are
detected. Once in the stepwise mode, the controller continu-
ously checks S,,,, and if it rises, the controller reduces F.,,
to minimize the exposure of the patient to high and toxic
levels of F,,,. The controller is designed to correct hypox-
emia within seconds and to avoid hyperoxemia. As shown, the
controller detects artifacts in the measurement of S ,,,, dis-
cards the artifacts, and generates alarms when appropriate.
The algorithm also enables clinicians to define the desired
oxygenation levels for different patients. This is done by
defining an appropriate P, set point, by setting the thresh-
old values for S,,,,. and by adjusting the correction param-
eter, CP, in accordance with the measured pH levels in the
patient’s blood as described above.

After the determination of the required F,,, the procedure
of adjusting the PEEP value is started at F in step 282. In this
step, the ratio of PEEP/F,,, is calculated. Then in 284, the
control parameter AP, which was defined in step 208, is exam-
ined. If it is less than 1, it means that PEEP is not adjusted
automatically and it is instead adjusted manually by the
operator. In this case, the controller merely watches the
PEEP/F,,, ratio and generates warning signals, if the ratio is
either too low or too high. In step 286, the ratio is compared
to a minimum allowed value (e.g., 0.12). If it is less than the
minimum value, an alarm is generated in 288 and control
passes to I (which will be described later). However, if the
PEEP/F,,, ratio is found to be equal to or greater than the
minimum value in step 286, then the next step in 290 is
performed where the ratio is compared to a maximum
allowed value (e.g., 0.22). If the ratio is less than or equal to
the maximum value, control passes to 1. Otherwise, an alarm
is generated in step 292 and then control is transferred to I.

Backto step 284, if AP is not less than 1, it means that PEEP
should be calculated and automatically adjusted. Therefore,
the automatic PEEP adjustment control loop is started next at
G at step 294. In the step 296 that follows, the PEEP/F,,, ratio
is compared to a minimum allowed value (e.g., 0.12). If it is
less than the minimum, the procedure at H is started and it is
examined how long ago the last adjustment in PEEP was
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made. In step 300 that follows, the time parameter, TP, is
compared to a defined fixed interval, T1, for example 240
seconds. If TP is less than 240 seconds, it means that the last
PEEP adjustment was made less than 4 minutes ago. Then the
procedure at J is started. Control passes to step 302 in which
no change is made in PEEP and the time parameter, TP, is
increased by a fixed amount (e.g., 0.75 seconds):

TP 00y =TP 10.75

Thereatter, control passes to I. However, if in step 300, it is
found that TP is equal to or greater than 240 seconds, it means
that the last adjustment in PEEP was made at least 4 minutes
ago or longer. Therefore, control passes to step 304. In this
step, TP is set back to zero. Then in 306 that follows, PEEP is
increased by a fixed amount (e.g., 2 cm H,O):

PEEP,,,,,,~PEEP,;+2 cm H,0

Thereafter, control passes to 1.

Back to step 296, if the PEEP/F,,, ratio is not found to be
less than the minimum allowed value, control transfers to step
308. In this step the PEEP/F,,, ratio is compared to a maxi-
mum allowed value (e.g., 0.22). If the ratio is not less than the
maximum value, step 310 is next performed. At this point, the
PEEP/F;,, ratio is compared to a slightly higher value than
the maximum, RG, (e.g., 0.24). If it is not greater than this
value, control passes to J. Otherwise; step 312 is performed in
which the time parameter, TP, is compared to the fixed inter-
val of 240 seconds. If TP is less than 240 seconds, control
passes to J. Otherwise; TP is set back to zero in step 314, and
PEEP is reduced by a fixed amount (e.g., 2 cm H,O) in step
316:

PEEP,,,,,~PEEP,;;-2 cm H,0

Thereatter, control passes to 1. In step 318 at I, the routine
is held for a fixed interval (e.g., 0.75 seconds) and then control
returns to the beginning of the main loop at A'.

Back to step 308, if the PEEP/F ,,, ratio is found to be less
than the maximum allowed limit (e.g., 0.22), the step 320 is
next followed. In this step S, is compared to a predefined
minimum allowed value (e.g., 92%). If it is higher than or at
least equal to the predefined minimum value, the PEEP level
is not changed and control passes to J. However, if in 320,
S, 1s found to be less than the predefined minimum value,
then control passes to H, where it is determined whether at
least 4 minutes have passed since the last PEEP adjustment,
and if so, PEEP is increased by a fixed amount (e.g., 2 cm
H,—O) as was shown earlier.

In performing the automatic PEEP adjustments, the PEEP/
F,0, 1s kept within a clinically acceptable range. As shown
above, if the PEEP/F,, is too low, PEEP is increased by a
fixed increment (e.g., 2 cm H,0). Also, if the PEEP/F,, ratio
is within the acceptable range and S, is low, then PEEP is
increased by a fixed increment (e.g., 2 cm H,O) to improve
patient’s oxygenation. On the other hand, if the PEEP/F,,,
ratio increases beyond a maximum defined value, the pro-
gram reduces PEEP in fixed amounts (e.g., 2 cm H,O). In any
case, the interval between two successive PEEP adjustments
is at least equal to a fixed period (e.g., 240 seconds), to allow
for the changes in PEEP to have an observable and measur-
able impact on the patient’s oxygenation.

It should be noted that the above examples for the incre-
mental step size for PEEP adjustment (e.g. 2 cm H,O) and the
minimum and maximum values for the ratio of PEEP/F ,,,
are indicated for patients receiving ventilatory treatment in a
more acute clinical setting such as the intensive care or a
constant care unit of a hospital. Smaller incremental adjust-
ments (e.g. 1 cm H,0) and more conservative ranges for the
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ratio of PEEP (or CPAP)/F,,, may be adopted if the invention
is used to improve the breathing and oxygenation of more
stable, spontaneously breathing patients.

FIG. 4 illustrates in detail, a preferred circuit diagram of the
Signal Generator Circuit, 46, and the alarm circuit 54. The
preferred component types and values are shown in the chart
below:

Component Type/Value
IC1 DACO0802LCN
IC2 LM741CN
IC3 SN7400N
c1 0.1 pF
2 0.03 uF
D1 1N4148
R, 5.1 kQ
R, 50 kQ pot
R3 10 kQ pot
R, 2.7 kQ
Rs 330 Q

There has been described a method and apparatus for con-
trolling a ventilator. The invention utilizes data indicative of
measured oxygen levels of the patient to automatically con-
trol F;,, and PEEP (or CPAP). In an alternative embodiment,
the invention further uses the respiratory mechanics data (i.e.
respiratory elastance and airway resistance) to automatically
make the necessary adjustments in the I:E ratio of the patient
on the ventilator. It further incorporates the features of U.S.
Pat. No. 4,986,268 and uses data indicative of measured lev-
els of oxygen and the respiratory mechanics data of the
patient, along with data indicative of barometric pressure (as
a reference calibrating pressure), and data indicative of mea-
sured carbon dioxide level of the patient to automatically
control the breathing frequency and tidal volume of breaths of
the patient on the ventilator. The invention also detects and
corrects artifacts in the measured oxygen and carbon dioxide
data and applies safety rules. In its different embodiments, the
invention can improve total and/or assist ventilatory treat-
ments provided to different patient groups.

The present invention may be embodied in other specific
forms without departing from the scope and the essential
attributes thereof. Therefore, reference should be made to the
appended claims rather than to the foregoing specification,
with regard to the scope of the invention.

What is claimed is:
1. An apparatus for automatically controlling a ventilator
comprising:
first means for processing data indicative of at least a mea-
sured oxygen level of a patient, and for providing output
data indicative of:
required concentration of oxygen in inspiratory gas of
the patient (F,,,) and positive end-expiratory pres-
sure (PEEP) for a next breath of the patient;
wherein F,,, is determined to reduce the difference
between the measured oxygen level of the patient and
a desired value;
wherein PEEP is determined to keep a ratio of PEEP/
F, o, within a prescribed range and, while keeping the
ratio within the prescribed range, to keep the mea-
sured oxygen level of the patient above a predefined
value; and
second means, operatively coupled to the first means, for
providing control signals, based on the output data pro-
vided by the first means, to the ventilator;
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wherein the control signals provided to the ventilator auto-
matically control PEEP, and F,,,, for a next breath of the
patient.

2. The apparatus of claim 1, wherein the first means com-
prises a programmable microcomputer.

3. The apparatus of claim 2, further comprising

an alarm unit;

wherein the first means further determines whether there

has been an artifact in the measured oxygen levels and
replaces and/or corrects the data determined to be based
on the artifact; and

wherein the second means further provides an alarm con-

trol signal to the alarm unit to warn of the artifact in the
measured oxygen levels.

4. The apparatus of claim 2, further comprising

an alarm unit;

wherein the first means further determines whether the

measured oxygen levels are outside a prescribed range;
and

wherein the second means further provides an alarm con-

trol signal to the alarm unit to warn of the measured
oxygen level of the patient being outside a prescribed
range.

5. The apparatus of claim 2, further comprising an analog
to digital (A/D) converter connected to an input of the first
means for converting analog signals from an oxygen sensor,
indicative of the oxygen level of the patient, to digital data.

6. The apparatus of claim 5, wherein the oxygen sensor is
apulse oximeter measuring arterial hemoglobin oxygen satu-
ration in the patient’s blood.

7. The apparatus of claim 2, wherein data indicative of the
lower inflection pressure point on an inspiratory or expiratory
pressure volume curve of the patient (LIP) is provided to the
first means.

8. The apparatus of claim 7, wherein the data indicative of
LIP is supplied by a monitor operatively coupled to the first
means.

9. The apparatus of claim 2, wherein data indicative of the
patient’s measured intrinsic positive end-expiratory pressure
(PEEPI) is provided to the first means.

10. The apparatus of claim 9, wherein the data indicative of
PEEPi is supplied by a monitor operatively coupled to the first
means.

11. The apparatus of claim 2, wherein the programmable
microcomputer further comprises a program means for deter-
mining from the input data: the patient’s arterial partial pres-
sure of oxygen; the required F,,,,; the required PEEP; for a
next breath of the patient.

12. The apparatus of claim 11, wherein the program means
further determines, from the input data: whether there has
been an artifact in the data indicative of the measured oxygen
level of the patient, and wherein the program means further
replaces and/or corrects the data based on the artifact and
generates a warning signal in the event the artifact is deter-
mined.

13. The apparatus of claim 2, wherein data corresponding
to a set point for arterial partial pressure of oxygen, threshold
values for the oxygen level of the patient, and a correction
factor for oxygen based on measured blood pH levels of the
patient are entered manually and stored in a software pro-
gram.

14. The apparatus of claim 2, wherein the first means
further processes input data indicative of respiratory
elastance, respiratory airway resistance, barometric pressure,
and measured carbon dioxide levels of the patient, and based
upon the input data, provides digital output data indicative of
required ventilation, optimum breathing frequency, and
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required adjustment in the ratio of inspiration time to expira-
tion time (L:E) for a next breath of the patient, and; wherein
the second means further generates additional control signals
to the ventilator based on the output data of the first means;
wherein the additional control signals to the ventilator control
tidal volume and frequency of inhaled gas provided to the
patient by the ventilator and effect necessary adjustments in
the ratio of I:E for a next breath of the patient.

15. The apparatus of claim 14, wherein the input data
indicative of respiratory elastance and airway resistance of
the patient are supplied to the first means by one or more
monitors coupled to the first means.

16. The apparatus of claim 14, wherein the input data
indicative of respiratory elastance and airway resistance of
the patient are entered manually and stored in a software
program.

17. The apparatus of claim 14, wherein the input data
indicative of the measured oxygen level of the patient and the
measured carbon dioxide level of the patient are provided to
the first means by one or more monitors coupled to the first
means.

18. The apparatus of claim 17, wherein the input data
indicative of the measured oxygen level of the patient is
provided by a pulse oximeter measuring arterial hemoglobin
oxygen saturation of the patient, and the input data indicative
ofthe measured carbon dioxide level of the patient is provided
by an exhaled gas analyzer detecting end-tidal partial pres-
sure of carbon dioxide or end-tidal concentration of carbon
dioxide in exhaled gas of the patient.

19. The apparatus of claim 17, wherein, based on data
indicative of measured oxygen and carbon dioxide levels of
the patient, the first means detects an artifact in the data,
discards the data having the artifact, resumes a previous value
of the data in a memory, and provides a warning instruction
signal; and wherein the second means generates a warning
control signal that is supplied to an alarm unit that generates
an alarm signal.

20. The apparatus of claim 17, wherein, based on data
indicative of measured carbon dioxide and oxygen levels of
the patient, the first means detects a potential pulmonary
embolism and produces digital output data indicative of pre-
defined levels of ventilation and breathing frequency and a
required adjustment in the I:E ratio, and provides a warning
instruction signal; and wherein the second means generates a
warning control signal.

21. The apparatus of claim 17, further comprising program
means for determining from the input data: (i) partial pres-
sures of oxygen and carbon dioxide in arterial blood of the
patient; (ii) presence of artifact(s) in the data indicative of the
measured oxygen and carbon dioxide levels of the patient,
and in case of artifact detection, replacing and/or correcting
the data and corresponding partial pressure value(s); (iii) net
effects of oxygen and carbon dioxide on alveolar ventilation;
(iv) total required alveolar ventilation; (v) optimal frequency
of breathing; (vi) required ventilation; (vii) required adjust-
ment in the I:E ratio; (viii) required F,,; and (ix) required
PEEP; for a next breath of the patient.

22. The apparatus of claim 21, wherein data corresponding
to a set point for arterial partial pressure of oxygen, an adjust-
ment factor for carbon dioxide level of the patient, threshold
levels for oxygen level of the patient, and a correction factor
for oxygen based on measured blood pH levels of the patient,
are entered manually and stored in a software program.

23. The apparatus of claim 14, wherein the input data
indicative of barometric pressure is supplied to the first means
by one or more monitors coupled to the first means.
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24. The apparatus of claim 14, wherein the input data
indicative of barometric pressure is entered manually and
stored in hardware.

25. The apparatus of claim 14, wherein the input data
indicative of barometric pressure is entered manually and
stored in a software program.

26. The apparatus of claim 14, wherein the first means also
receives and processes data indicative of the patient’s meta-
bolic rate ratio.

27. The apparatus of claim 26, wherein the data indicative
of the patient’s metabolic rate ratio is supplied to the first
means by a monitor coupled to the first means.

28. The apparatus of claim 26, wherein the data indicative
of the patient’s metabolic rate ratio is entered manually and
stored in a software program.

29. A method for automatically controlling a ventilator
comprising the steps of:

(a) measuring an oxygen level of a patient and providing a

data signal indicative of the measured oxygen level;

(b) determining;: (i) required concentration of oxygen in an

inspiratory gas of the patient, F,,,, based on the data
signal indicative of the measured oxygen level of the
patient and to reduce the difference between the mea-
sured oxygen level of the patient and a desired value; (ii)
required positive end-expiratory pressure, PEEP,
wherein a ratio of PEEP/F,,, is maintained within a
prescribed range, and to keep the measured oxygen level
of the patient above a predefined value; and

(c) providing data signals indicative of the required F,,,

and the required PEEP based upon the determining of
step (b), for automatically controlling F,,, and PEEP for
a next breath of the patient.

30. The method of claim 29, wherein step (b) further com-
prises determining, from the data indicative of the measured
oxygen level in (a), whether there has been an artifact in the
measured oxygen level, and replacing and/or correcting the
data signal in (a) in the event the artifact is determined.

31. The method of claim 29, wherein the data signal indica-
tive of measured oxygen level of the patient is in analog form
and is converted to digital form before the determining of step
(b), and wherein the providing of step (c) further comprises
converting the data signals from digital to analog form.

32. The method of claim 31, wherein the measuring of the
oxygen level of the patient comprises measuring an arterial
hemoglobin oxygen saturation of the patient via pulse oxim-
etry.

33. The method of claim 32, wherein an arterial partial
pressure of oxygen of the patient is derived from the arterial
hemoglobin oxygen saturation of the patient measured by the
pulse oximeter.

34. The method of claim 33, wherein the following equa-
tion is used to calculate the arterial partial pressure of oxygen
(P,o2) of the patient from the arterial hemoglobin oxygen
saturation data (S,,,,) measured by pulse oximetry:

—In [1 = (Spo,)*]

0.046 P

Pooy =

where P, is in mm Hg and CP is a correction parameter
which is used to shift P, and CP is based on the patient’s
measured blood pH level.
35. The method of claim 34, further comprising:
comparing P,,, to a minimum acceptable value, and,
if P, is found to be less than the minimum acceptable
value:
discarding P, and a latest measured S, data;
resuming previous values of P, and S,,,; and
generating a warning signal.
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36. The method of claim 29, wherein data corresponding to
the lower inflection pressure point on an inspiratory or expi-
ratory pressure volume curve of the patient (LIP) is also
provided in step (a), and an initial value for PEEP is set equal
to LIP plus O to 8 cm H,O and the initial value for PEEP is
provided in step (b).

37. The method of claim 36, wherein the data correspond-
ing to LIP is supplied by a monitor.

38. The method of claim 29, wherein data corresponding to
the measured intrinsic PEEP of the patient (PEEPI) is also
provided in step (a), and an initial value for PEEP is set
between 80% and 100% of PEEPi and the initial value for
PEEP is provided in step (b).

39. The method of claim 38, wherein the data correspond-
ing to PEEPI is supplied by a monitor.

40. The method of claim 29, wherein an initial value for
PEEP is determined by the operator and is manually pro-
vided.

41. The method of claim 29, wherein the required concen-
tration of oxygen in the inspiratory gas of the patient (F,,,) is
calculated by using a stepwise control scheme and/or by
using a proportional-integral-derivative (PID) technique.

42. The method of claim 41, wherein using a PID technique
comprises comparing S,,,, obtained by pulse oximetry to a
defined minimum safe value, and wherein using the PID
technique continues while S, is greater than the defined
minimum safe value.

43. The method of claim 41, wherein using a PID technique
comprises comparing S,,.,, obtained by pulse oximetry to a
defined minimum safe value, and wherein, if S ,,, is found to
be less than or equal to the defined minimum safe value, a
stepwise control scheme is followed that comprises the steps
of:

raising ', stepwise to avoid hypoxemia,

allowing F,., to remain high until S, rises to a second

threshold value,

lowering F,,, stepwise,

comparing S, to a third threshold value,

lowering F;,, stepwise upon S ,,, rising to the third thresh-

old value,

comparing S, to a fourth threshold value,

returning control to the PID technique upon S,,,, rising to

the fourth threshold value.

44. The method of claim 41, wherein the difference
between a P, set point and the P, of the patient is reduced
by using a PID control procedure according to the following
equations:

Yi(R)=Po(set-point)-P,
Yo(R)=[Y,(R)-Y, (= 1)) T
Y3(R)=Y3(k-1)+TY, (k)
E(=aY, (h+BYs(k)+y Ya(k)
G(k)=E(k)+0.21

whereY, (k), Y,(k), and Y (k) are the proportional, deriva-
tive, and integral components of error, respectively, E(k)
is an error function, T is a sampling interval, G(k) is the
required F,,, and parameters o, 3, and y are PID coef-
ficients.

45. The method of claim 41, wherein the determining of
required PEEP of the patient comprises the following proce-
dure:

comparing the PEEP/F,,, ratio to a defined minimum

allowed value,

increasing PEEP by a fixed incremental value if the PEEP/

F;0, ratio is lower than the defined minimum allowed
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value and the time elapsed since the last adjustment in ifthe PEEP/F ,, ratio is not less than the defined maximum
PEEP is longer than or equal to a fixed defined interval allowed value, comparing the PEEP/F,,,, ratio to a value
T1, . . higher than the defined maximum allowed value, RG,
comparing the PEEP/F,, ratio with a defined maximum whereby if the PEEP/F ,,, ratio is higher than RG, and

allowed value if the PEEP/F,,, ratio is not less than the 5
defined minimum allowed value,
comparing S, witha defined value if the PEEP/F,, ratio
is less than the defined maximum allowed value,
increasing PEEP by a fixed incremental value if S, , is less
than the defined value and the time elapsed since the last
adjustment in PEEP is longer than or equal to T1, ¥ o% ok %k

the time elapsed since the last adjustment in PEEP is
greater than or equal to T1, decreasing PEEP by a fixed
incremental amount.
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[57] ABSTRACT

An automatic controller utilizes a pulse oximeter signal
to regulate the oxygen mixture output, peak expiratory
end pressure, and inspiratory ventilation time from a
positive pressure respiratory assist ventilator. The pulse
oximeter senses a patient’s hemoglobin saturation and
pulse rate by an optical sensor to develop a signal which
is used by calculator to determine the patient’s corre-
sponding partial pressure of arterial blood. The calcu-
lated partial pressure of arterial blood is then used by
the calculator in determining the level of inspired oxy-
gen, peak expiratory end pressure, and inspiratory ven-
tilation time provided to the patient. The calculator
generates a signal to control the level of inspired oxy-
gen, expiratory end pressure, and inspiratory ventilation
time output from a positive pressure respiratory assist
ventilator. The level of inspired oxygen, peak expira-
tory end pressure, and inspiratory ventilation time pro-
vided from the ventilator to the patient is varied to
maintain a desired predetermined partial pressure of
arterial oxygen.

1 Claim, 3 Drawing Sheets
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ADAPTIVE CONTROLLER FOR AUTOMATIC
VENTILATORS

FIELD OF INVENTION

This invention relates to positive pressure ventilation
systems and more particularly to automatic controls for
the same.

BACKGROUND OF INVENTION

Devices for controlling oxygen content of blood by
controlling breathing parameters such as inspiratory
time, peak expiratory end pressure, and expired oxygen
delivery to the patient are well known. Details of these
various systems will be hereinafter discussed in detail in
the description of the prior art. None of the prior art,
however, utilizes sensed hemoglobin saturation to con-
currently and adaptively control the FiO; inspiratory
time, and the expiratory end pressure of breathing air
from a ventilator supplying pulsed positive pressure
breathing air to a patient.

BRIEF DESCRIPTION OF INVENTION

This invention relates to positive pressure ventilation
assist respirator systems. The system has particular ap-
plication in the adaptive control of the inspiratory ven-
tilation time (Tinsp), peak expiratory end pressure
(PEEP), and fraction in inspired oxygen (FiO7) and is
intended to make more automatic the control of the
above patient parameters.

This system utilizes a pulse oximeter to optically
determine hemoglobin saturation (HSAT) of the pa-
tient’s blood, linear interpolate the HSAT to calculate
the partial pressure of arterial oxygen (PaO2), and use
this information to regulate the length of inspiration
time (tinsp), PEEP, and FiO; to a patient’s breathing
tube. The control mechanism is derived from the
known relationship between the preset level of Tinsp,
PEEP, minimum required FiO; delivered to the patient,
and predetermined lung function dynamics in order to
maintain a desirable PaO,.

DISCUSSION OF PRIOR ART

The following references represent the closest prior
art of which the inventor is aware and is intended to
meet the requirements for Information Disclosure
Statements.

List of References:

U.S. Pat. No. 2,414,747 Issue Date: Jan. 21, 1947 Inven-
tor: Harry Kirschbaum

U.S. Pat. No. 3,734,091 Issue Date: May 22, 1973 Inven-
tor: Ronald H. Taplin

U.S. Pat. No. 4,326,513 Issue Date: Apr. 27, 1982 Inven-
tor: Volker Schultz et al

U.S. Pat. No. 4,889,116 Issue Date: Dec. 26, 1989 Inven-
tor: 4,889,116

U.S. Pat. No. 5,103,814 Issue Date: Apr. 14, 1992 Inven-
tor: Timothy Maher

CONCISE EXPLANATION OF REFERENCES

Devices for controlling the oxygen content of blood
by controlling breathing parameters such as inspiratory
time, peak expiratory end pressure, and inspired oxygen
delivery to a patient are well known. U.S. Pat. No.
2,414,747 issued to Harry Kirschbaum on Jan. 21, 1947
shows a method and apparatus for controlling the oxy-
gen content of the blood of living animals which dis-
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closes control of blood oxygen content by the use of an
ear oximeter which produces a signal used to control
the proportion of inspired oxygen. By directing a beam
of light through a capillary bed, as in the ear, the char-
acteristics of the light become modified by the color of
the blood that intercepts its path. Thus, the change in
oxygen levels of the blood can be detected non-inva-
sively where signals can be generated, amplified and
used to control the oxygen supply delivered to a patient.
Numerous improvements have been made since that
time wherein better matching of oxygen delivery to the
needs of the patient have been made such as shown in
U.S. Pat. No. 3,734,091 to Ronald H. Taplin issued on
May 22, 1973. Taplin discloses an optical oximeter and
a temporary oxygen deficient mixture (anoxic) to con-
trol blood saturation. Thus, to prevent super saturation,
or more than a 100% oxygen saturation, Taplin dis-
closes limiting the oxygen by providing the anoxic mix-
ture each time the saturation of the blood reaches a
predetermined percentage level.

An invasive patient data controlled respiration sys-
tem is shown in U.S. Pat. No. 4,326,513 to Volker
Schultz et al issued on Apr. 27, 1982 which shows a
patient data controlled respiration system utilizing
sensed concentration of oxygen in the patient’s blood to
control a respirator supplying breathing air having the
selected concentration of oxygen to the patient. In such
a system, a sensor is connected to the patient for sensing
arterial partial pressure of the patient’s blood (PaOy).
The system further includes a minimizing comparator
which has preset threshold levels and determines
whether the FiO; value is above or below those thresh-
old values. When a transient FiO; value rises above or
drops below the threshold value, it causes the control
devise to cancel the adjustment to the inspired oxygen
and causes the previous amount of oxygen to be sup-
plied to the patient. In this way, there can be only small
changes in the original FiO».

An adaptive oxygen controller utilizing a pulse oxim-
eter for measuring a patient’s blood hemoglobin satura-
tion (HSAT) and pulse rate is shown in U.S. Pat. No.
4,889,116 to John C. Taube, issued on Dec. 26, 1989
which shows an oxygen blending system utilizing a
patient’s sensed hemoglobin saturation to adaptively
control the output of an oxygen blender supplying
breathing air to the patient. In such a system, the sensed
hemoglobin saturation via a pulse oximeter is utilized by
the system to adaptively adjust the FiO; delivered to a
breathing mask or hood. In this way, small adjustments
in FiO; minimize the change in a patient’s HSAT level.

A self compensating respirator utilizing a pulse oxim-
eter and device for measuring a patient’s expired breath-
ing air carbon dioxide (CO,) level is shown in U.S. Pat.
No. 5,103,814 to Timothy Mabher, issued on Apr. 14,
1992 which shows a respirator system utilizing a pa-
tient’s sensed HSAT and CO; to control a ventilator
FiO; and breathing air rate to the patient. In such a
system, the sensed HSAT via a pulse oximeter is utilized
by the system to periodically decrease the oxygen level
delivered to a patient’s breathing tube. The system also
utilizes sensed CO; to periodically decrease the rate of
the respirator delivering breathing air to the patient. In
this way, both FiO; and rate are systematically de-
creased 1o progressively wean the patient from me-
chanical ventilation.

The prior art is however, devoid of a system which
utilizes sensed hemoglobin saturation to concurrently
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and adaptively control the FiO», inspiratory time, and
peak expiratory end pressure of breathing air from a
ventilator supplying pulsed positive pressure breathing
air to a patient. The adaptive control of FiO,, inspira-
tory time, and peak expiratory end pressure is vital for
the patient’s changing need for increasing and decreas-
ing of blood oxygenation.

OBJECTS OF THE INVENTION

It is therefore an object of the invention to provide a
new and useful adaptive control of inspiratory ventila-
tion time, peak expiratory end pressure, and fraction of
inspired oxygen.

Another object of the invention is to provide a new
and improved respiration system which automatically
provides the highest oxygen saturation in the blood
while maintaining the highest possible inspiratory venti-
lation time of oxygen delivered to the patient.

Another object of the invention is to provide a new
and improved respiration system which automatically
provides the highest oxygen saturation in the blood
while maintaining the lowest possible peak expiratory
end pressure of oxygen delivered to the patient.

Yet another object of the invention is to provide a
new and improved respiration system which automati-
cally provides the highest oxygen saturation in the
blood while maintaining the lowest possible fraction of
inspired oxygen delivered to the patient.

These and other objects of the invention are achieved
by providing an adaptive controller for the adjustment
of inspiratory time of oxygen, peak expiratory end pres-
sure of oxygen, and fraction of positive pressure in-
spired oxygen delivered to a patient. The controller
comprises an oximeter connected by an optical sensor
to the patient for measuring the patient’s blood hemo-
globin saturation and pulse rate. The oximeter generates
signals representative of the blood hemoglobin satura-
tion and pulse rate. Calculation means are provided
which axe responsive to the signals from the oximeter
for determining the inspiratory time of oxygen, peak
expiratory end pressure, and fraction of positive pres-
sure inspired oxygen delivered to the patient. A source
of oxygen and a source of air are provided for combin-
ing or mixing, and pressurization of the gases and inspi-
ratory administration to the patient. The means for
controlling the gas mixture, pressure, and inspiratory
administration time is controlled by calculation means
to provide a calculated percentage of oxygen, peak
expiratory end pressure, and inspiratory time and has an
output connected to the patient so that the gas taken in
by the patient automatically causes the blood in the
patient to reach a predetermined hemoglobin saturation
level which adapts to the patient’s respiratory require-
ments.

Other objects and advantages of the present invention
will become apparent and obvious from a study of the
following description and the accompanying drawings
which are merely illustrative of such invention.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1is diagrammatic view of the automatic ventila-
tor control system of the present invention;

FIG. 2 is a schematic of the diagram of the same; and

FIG. 3 is a flow diagram showing the operation of the
present invention.
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DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

Referring now in greater detail to the various figures
of the drawings wherein like reference characters refer
to like parts, an automatic controller of ventilator oxy-
gen is shown in FIG. 1 for the purpose of providing
positive pressure inspired oxygen with a peak expira-
tory end pressure and with an inspiratory ventilation
time to a patient 20. The patient 20 is shown lying on a
mattress 22 having a breathing tube inserted through
the mouth and trachea.

The breathing tube controls the breathing environ-
ment of the patient and is connected to connective tub-
ing 26 which delivers positive pressure oxygen to the
patient.

An optical sensor 28 is placed on the patient’s finger.
The system also includes a pulse oximeter 30 of the type
made by Nellcor Incorporated, of Haywood, Calif.
which is shown in U.S. Pat. No. 4,653,498 issued Mar.
31, 1987. Pulse oximeter 30 is connected by a cable 32 to
the sensor 28.

The pulse oximeter is connected via a cable 34 to a
computer 36. The computer’s outputs are connected via
cable 38 and then via digital/analog converter 40 and
then via lines 42 to a ventilator 44.

The connections of the various components of this
system are best understood in conneétion with the sche-
matic block diagram shown in FIG. 2.

As seen in FIG. 2, the sensor 28 is attached to patient
20 and is connected by the cable 32 to pulse oximeter 30.
The pulse oximeter 30 determines from the optical sens-
ing of the patient the pulse strength, hemoglobin satura-
tion, and pulse rate. The values of all three of these
parameters are digitally displayed on the front of the
face of the pulse oximeter in digital form by suitable
displays (not shown). The pulse oximeter 30 transfers in
digital form over a cable 34 to the computer 36 the
digital representations of the pulse strength, hemogio-
bin saturation (HSAT), and pulse rate. The computer 36
utilizes the hemoglobin saturation which is provided in
digital form on lines 34 for determining the partial pres-
sure of arterial oxygen (Pa0,) and thus the appropriate
level of inspiratory ventilation time (Tinsp), peak expi-
ratory end pressure (PEEP) of ventilation, and fraction
of positive pressure inspired oxygen (FiO3) to provide
to the patient to produce the highest obtainable patient
arterial blood oxygen level with a minimum of oxygen
necessary to be added to the air supply having a 21%
oxygen concentration.

The signals representative of the appropriate Tinsp,
PEEP, and FiO; are provided in digital form via lines
38 to a digital to analog converter 40. The digital to
analog converter provides the signals to the ventilator
via lines 42, which controls the inspiratory ventilation
time, peak expiratory end pressure of ventilation, and
fraction of positive pressure inspired oxygen supplied to
the patient. A pure oxygen supply source 45 and air
supply 48 containing 21% oxygen concentration are
both provided which are connected via tubes 50 and 52,
respectively, to the ventilator 44. Conventional sole-
noid control is used for the purpose of making propor-
tional the Tinsp, PEEP, and FiO; in accordance with
the signals provided by lines 42 from the digital to ana-
log converter. Accordingly, the appropriate fraction of
positive pressure inspired oxygen at an appropriate
inspiratory ventilation time and peak expiratory end
pressure is provided to the breathing tube 24 via tube 26
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to the patient. The ventilator 44 also has attached
thereto three manual knobs 54, 55, and 56 which are
connected to the oxygen supply solenoid, expiratory
resistance solenoid, and the inspiratory time solenoid,
respectively. The knobs enable manual regulation by
physician or operator to provide an appropriate Tinsp,
PEEP, and FiO; to the patient.

The computer is controlled by program modules to
determine Tinsp, PEEP, and FiO,. The flow chart used
for determining the roper Tinsp, PEEP and FiO; to
provided to the patient is shown in FIG. 3.

Referring to FIG. 3, the TinSD, PEEP, and FiO
control program flow diagram is shown. Accordingly,
the description of the operation of the Tinsp, PEEP,
and FiO; control program is as follows:

1. The computer receives an HSAT signal from the
pulse oximeter and calculates a PaO; value for the
patient.

2. The computer then determines modification values
of Tinsp, PEEP, and FiO; from the calculated
Pa0s.

3. The computer then determines the proportional,
differential, and integral gain coefficients to de-
velop control signals to the ventilator.

4. The computer then sends control signals to the
ventilator for the modification of Tinsp, PEEP,
and FiOz values.

5. The patient then breaths in through a breathing
tube the positive pressure air at the modified Tinsp,
PEEP, and FiO; values. The values of Tinsp,
PEEP, and FiO; are chosen by the computer to
maintain a desired level of the patient’s blood oxy-
gen level.

6. The pulse oximeter via an optical sensor connected
to the patient calculates the patient’s hemoglobin
saturation (HSAT). An HSAT signal representing
the patient’s blood oxygen level is then generated
by the pulse oximeter and transmitted to the com-
puter.

In the overall operation of the system, the pulse oxim-
eter and the ventilator 44 as well as the computer 36 are
connected as shown in FIG. 1 to the patient. The pulse
oximeter 30 is turned on and the patient’s hemoglobin
saturation (HSAT) is monitored by the attending physi-
cian. The positive pressure oxygen percentage (FiO»),
peak expiratory end pressure (PEEP), and inspiratory
time (Tinsp) are manually controlled by knobs 54, §5,
and 56 which are part of manually controlled valves
provided on the ventilator 44. The knobs are adjusted
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minimum level of FIO;, minimum level of PEEP, and
maximum level of Tinsp for the patient.

The FiO,, PEEP, and Tinsp levels are then con-
trolled automatically by the patient’s hemoglobin satu-
ration signals from the pulse oximeter 30.

It can therefore be seen that a new and improved
adaptive control system for a fraction of inspared oxy-
gen, peak expiratory end pressure, and inspiratory time
has been provided.

The system takes advantage of the unique ability of a
pulse oximeter to accurately determine peak arterial
oxygen levels. This enables the control system to accu-
rately derive a fraction of inspired oxygen level, peak
expiratory end pressure, and inspiratory time which
better matches the needs of the patient.

The present invention may, of course, be carried out
in other specific ways than those herein set forth with-
out departing from the spirit and essential characteris-
tics of such invention. The present embodiments are,
therefore, to be considered in all respects as illustrative
and not restrictive, and all changes coming within the
meaning and equivalency range of the appended claims
are intended to be embraced therein.

What is claimed is:

1. A pulsed positive pressure ventilation assist respira-
tor system comprising: )

a ventilator means for providing a selected level of
positive pressure respirable gas, said ventilator
means further having register means for providing
a predetermined level of patient parameters to said
ventilator, said patient parameters consisting in
inspiration time (Tisp), positive end expiratory
pressure (PEEP) and minimum required fraction
inspired oxygen (FiOy);

pulse oximeter means for optically determining the
hemoglobin saturation (HSAT) of the patient’s
blood;

interpolation means for linearly interpolating the
HSAT value provided by said pulse oximeter
means for calculating the partial pressure of arterial
oxygen (Pa0,) of a patient;

a control mechanism comprising calculation means
for deriving a relationship between said patient
parameters in said register means and HSAT value
provided by said pulse oximeter means; said con-
trol mechanism further comprising adaptive means
for providing said register means with updated
adjusting values for said patient parameters for

maintaining a predetermined PaOy.
* *x * *x X
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