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Abstract

In this study we have designed and fabricated an inexpensive micro electronic system that we call Alvitek. It can indirectly but accurately
predict and display the partial pressures of alveolar oxygen and carbon dioxide for the patients in the ICU of a hospital. Alvitek consists of
both hardware part and software part. Performance of the system is tested by animal experiment with pigs for various Fie; and
RR(Respiratory Rate) values under the mechanical ventilation. The predicted alveolar gas partial pressures are cprpared with the
approximate alveolar oxygen partial pressures easily calculated by the physician’s bedside formula. As a result, we have concluded that the
relative error of A-aDe; calculated by the bedside formula grows seriously for lower Fie; values. The present prediction method of Alvitek
is henceforth believed very meaningful to the physicians. The system hardware and software are described in the text.
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| . INTRODUCTION

A ceording to the data from the Statistics Korea, the fifth

greatest cause of death is the respiratory disease. The
number of patients who die from respiratory diseases steadily
increases every year. Henceforth the more accurate methods
and standards for diagnosis and treatment of the respiratory
patients seem very urgent.

The oxygen partial pressure of alveoli (PAO;) is used to
determine whether a patient has serious gas exchange disorder
in the alveolar-capillary unit of the lung during the mechanical
ventilation. In addition, A-aDO, (difference of oxygen gas
partial pressures between the alveoli and arterial blood) is used
to judge whether a patient has serious oxygen diffusion
impairment. Unfortunately, partial pressures of the alveolar
gas cannot be directly measured because the average size of
alveoli is as small as 0.1~0.2mm in diameter. We can predict
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instead the alveolar gas data, PO and PACO,, by solving the
mass balance equations. Because computing of the mass
balance equations is complicated and time-consuming,
physicians prefer a simple bedside formula to check with PAO»
that is only a very approximate solution to the complete mass
balance equations.

The computing algorithm introduced in the reference[1] can
solve the mass balance equations in a faster and easier manner
than before. However, these algorithms are at present based on
a desktop computer that has absolutely no mobility. Also the
algorithm is big in the program size and computing is too slow
to be used on the bedside of the intensive-care patients. To
overcome these drawbacks, we have done several measures.
First, we had the computing algorithm to solve the mass
balance equations modified and embedded in a DSP (Digital
Signal Processor, TMS320F28335, Texas Instruments). Second,
we built a hardware system in which DSP is interfaced with
the NDIR(Non Dispersive Infra Red) CO, gas sensor and
other I/O devices. Third, we developed a software system that
controls the functions of DSP.
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Il. Computational Blood Gas Analysis[1]

A. Respiratory gas exchange model

Alveoli are the micro air sacs of the lung where oxygen and
carbon dioxide molecules are exchanged by diffusion through
the alveolar membrane, between the ventilation gas and the
pulmonary end-capillary blood. The basic gas-exchange
model considered in this study is the three-compartment lung
model depicted in Fig. 1. It takes account of the dead space gas
and the shunted blood by which the alveolar ventilation and
arterial blood gas is affected. We can numerically compute the
alveolar partial pressures of O, and CO, using the
CFD{computational fluid dynamics) techniques that are well
developed in the mechanical and aerospace engineering.

B. Mass Balance Equations

1) Mass balance equation

Based on the three-compartment lung model, we calculate
accurately the alveolar partial pressures, PAO, and PACO;, by
solving the boundary value problem consisting of the mass
balance equations and four terminal boundary conditions.
Two out of the four boundary conditions come from the
external respiration: they are the inspirational gas data PO,
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Fig. 1. The three-compartment lung model
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and the end-tidal gas data PerCO,. The other two come from
the internal respiration: they are the mixed-venous blood gas
data, PyO; and PyCOg, and the arterial blood gas data, P,0;
and P.CO;.

These boundary conditions are used in the following mass
balance equations to determine the unknown PAO; and PACO;.

(v Q)lpr()z" (I‘/A/Q%PA 0= k(Cp Oy C10y) (H

( {./A/ Q) Wa COy= ( CyCO~ C O 0>) (2)
(Vi QPN = (V] Q) PyNy= Ny (P Ny~ PLIN,)  (3)

PA 02+ Pxi COQ+ PAN2: PB_ PHEO (4)

The subscripts in the above mean follows. I: inspiration air,
A: alveolar gas, C": end-capillary blood, and 1: mixed venous
blood. The constant A (= 0.0017) is the blood-to-gas partition
coefficient for the nitrogen gas. The constant k is a conversion
factor between the two different unit conventions: the STPD
{(standard temperature and pressure, dry) convention used for
the gas content C and the BTPS (body temperature and
pressure saturated with water vapor) convention used for the
ventilation rate V. Equations (1) ~ (3) state that a volume of
oxygen, carbon dioxide or nitrogen disappeared from one
breathing agent reappears in the other agent by diffusion,
between the ventilation gas and the circulation blood.
Equation (4) states that partial pressures of all these gases are
added to be a barometric pressure minus the vapor pressure.
The gas partial pressures P in the ventilation and the gas
contents ('in the circulation can be inter-converted by means
of the oxygen and carbon dioxide dissociation curves of the
hemoglobin in the blood[5,8].

The mass balance equations (1)-(3) have two parameters,
the inspired ventilation-to-perfusion ratio, ‘['/;1/ @, and the
alveolar ventilation-to-perfusion ratio, S‘/"'A/ Q We put a tag
to each of these ventilation-to-perfusion ratios in order to
distinguish what equations they belong to: subscript 1 to those
in equation (1), subscript 2 to those in equation (2) and
subscript 3 to those in equation (3). Since computation is
started with some initial guesses for the unknown variables,
these subscripted parameters are naturally discrepant during
the iterative computation. However, when the computation is
converged to a solution, they all become single-valued within
a tolerance as an exit is made from the multiple do-loops of the
computation.

2) Shunt Ratio Equations
The shunt ratio is defined by equation (5) below. It is a ratio



of the oxygen content diminished in the arterial blood because
of mixing with the shunt blood, to the oxygen content
escalated by diffusion between the mixed venous blood and
the end-capillary blood. The shunt ratio can be equally
determined by considering either the oxygen content in
equation (5) or the carbon dioxide content in equation (6).
These two shunt ratios are also discrepant during the iterative
computation but converge to a single-valued function as the
numerical solution is converged.

Y, =G0~ C,0) /(C, 0,— C10,) (5)
Yoo, = (C,CO,— C: CO,) [ (3, CO~ C; CO,) ()

3) Bedside formula

The physician in the ICU(Intensive Care Unit) of a hospital
would use a conventional bedside formula given by equation
(7) below to obtain the alveolar oxygen partial pressure, PoOs.
We can, in fact, show that this formula is a reduced form of the
mass balance equations by introducing a few very bold
approximations.

Py0y= F;0,< (Py= Py p) = P,CO,/ RQ 7

In the above, /¢ is the respiratory quotient defined as a ratio
of the carbon dioxide output to the oxygen uptake in the
respiration, Physicians usually take the value 0.8 for B Q).

C. Computing Algorithms
Following are the computational steps to solve for the
alveolar partial pressures.
1. Input the four boundary conditions:
P]Oz, PETCOQ, (PVOz, P\iCOg) pair and (P3027 PaCOQ) pair

2. Start FOR loops

(D Put an arbitrary PO, and set the dead space ratio X
equal to zero.

@ Set PACO, = PerCO; / (1-X)

@ Solve the mass balance equations to find new iterative
PAQZ.

@ Solve the shunt equations using the above PO, and
PACO;

(&) Check if the two shunt ratios are equal, namely, Yo, =
YCOZ'
Elseif go to step (D to reassume the trial values, P40,
and X.

3. End FOR loop.

4. Determine PaO,, PaCO,, X and Y
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ll. SYSTEM DESIGN

A. Hardware system

Hardware system is showed in the conceptual block
diagram in Fig. 2. Inside the box outlined by the dashed line is
the hardware system fabricated in this research. Terminal
boundary conditions obtained by ABGA (Arterial Blood Gas
Analysis), VBGA (Venous Blood Gas Analysis) and from the
mechanical ventilator are typed into the DSP through a
keypad. The analog voltage output from the NDIR CO; sensor
(maximum measurement error + 30 ppm) is transmitted to the
ADC(Analog to Digital Converter). After digitized, it is
passed to a digital filter to get rid of noise and calibrated with
respect to the temperature. Then the DSP picks up the partial
pressure of end-tidal CO,. These data are real-time to measure
the changing physical state of the patient. To be truly real-
time, however, we need to wait until the blood gas analysis
becomes fully real time with a sensor attached to the catheter
as has recently been demonstrated in Europe and North
America. As the computer determines PAO: and PACO;
through computational algorithms, the DSP transmits the
result to a display device.

The functions of the DSP in this system are multiple: 1)
digitizing the analog voltage output from the sensor, 2)
receiving through the key pad the input values of the terminal
boundary conditions, 3) computing alveolar-gas partial
pressures and 4) sending results to the display panel. The
high-precision ADC is therefore included with the I/O port
and UART(Universal Asynchronous Receiver/Transmitter).

In addition, to handle the real-time and floating- point unit
computing of large number of mathematical operations, the
DSP particularly designed for digital signal processing is
employed. It responds quickly and repetitively to a set of data
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Fig, 2. Block diagram of the hardware system
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having wide dynamic range[4].

In order to measure the partial pressure of CO; in the
expired gas and in the end-tidal CO,, the NDIR CO, gas sensor
is implemented to the experimental system. It has a low
power, reduced size, five-year warrant and needs no
calibration.

B. Software system

Software system is divided into two parts. One part is the
software system for operating a hardware platform. The other
part is the subroutines to calculate the mass balance equations.
Considering portability of the system and handling of dynamic
I/0, we have changed the programming language from Fortran
to C language. The flow chart is given in Fig, 3,
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Fig, 3, Flow chart of the software system for operating hardware platform,
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IV. EXPERIMENTS & RESULTS

A. Preprocessing for experiment

Healthy pigs (8 to 10 weeks of age) weighing around 30kg
are anesthetized with 6mg/kg/hr of pento-barbital and 0.1mg/
kg/hr of vecuronium during the animal experiment. A
modified volume-preset ventilator (GALILEO; Hamilton
Medical, Switzerland) is operated as the inhalational
anesthesia is replaced by intravenous anesthesia. Initial
settings of the ventilator are as follows. Tidal volume, 8ml/kg;
respiratory rate, 20 breaths/min; PEEP(Positive End
Expiratory Pressure), 5 cmH,O; FiO,, 1.0; the ratio of
exhalation to inhalation, 1.2, that is later adjusted according to

Fig. 4. The Alvitek
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Fig. 5. A schematic of the animal experiment.



the experimental protocol[4].

For measurement of the arterial breath gas contents,
extraction of blood was first made by a 20G catheter inserted
to the right femoral artery of a pig. For multiple purposes like
extraction of the mixed venous blood and others, a catheter
was inserted from the right jugular vein into the right atrium of
the heart. Saline solution was injected to the lung with a speed
of 4ml/kg/hr when artificial lung impairment was desired. A 7
Fr Swan-Ganz catheter (balloon-tripped flow-detecting

Table 1. Experimental condition (32 kg pig, body temperature 37.3 C)
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thermo- dilution catheter, Baxter inc, USA) was inserted to the
pulmonary artery through the left jugular vein to check the
pressure waveform. Throughout the procedure, the arterial and
the pulmonary arterial pressures were monitored with
Hewlett-Packard Component Monitoring[5].

The blood samples from the femoral and the pulmonary
arteries were analyzed by 288 Blood Gas Analyzer
(CIBA-Coring, USA). These procedures are respectively
called ABGA and VBGA.

I

~~.____ Condition Ventilator Sefting
Case T RR [o/min] Veortrot [m] FOz [%]
Case 1 ) 15 300 40
Case 2 15 300 60
Case 3 15 300 80
Case 4 25 300 40
Case 5 25 300 60
Case 6 25 300 80
Table 2, Clinical data obtained by ABGA and VBGA
Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
Hb [g/dL] ** 89 8.2 82 8.1 8.6 79
Herit [%) 26 24 24 24 25 23
pHa 7.334 7.308 7.306 7421 7426 7418
ABGA P,CO;, [mmHg] ** 51.3 50.9 51.3 36.4 35.9 36.3
P,0; [mmHg] ** 193.3 3217 422.7 2257 349.3 4135
A-aDO, [mmHg] 375 57.1 103.3 223 46.1 128.1
pHy 7.227 7.247 7.224 7.332 7.322 7.287
VBGA P,CO; [mmHg] ** 65.1 59.0 525 46.6 494 484
PO, [mmHg] 355 440 48.1 307 336 399
Table 3. Comparison of the Alvitek results with the bedside formula
Predicted Solution (PS) by Alvitek Bedside Formula (BF) Error (|BF-PS|/PS)
e PACO; 1 PAO; [mmHg] A-aDO; PA0; [mmHg} A-aD0, PA0: [%] A-aDOJ %]
1 50.73: 242,63 49.32 220.57 2121 9.09 447
2 50.40 : 379.76 58.06 36341 4.7 4.31 28.16
3 51.07 : 503.56 80.86 505.26 82.56 0.34 210
4 36.18 :252.96 27.26 239.19 13.49 544 50.5
5 35.49:396.01 46.80 382.16 32.86 3.50 29.79
6 35.12:537.01 123.51 524.01 110.51 242 10.53
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Fig. 6. The errors of the bedside formula relative to the results predicted by the Alvitek: (a) RR=15, (b) RR=25

V. EXPERIMENTAL CONDITION

Table 1 shows the six different conditions of the mechanical
ventilator for the animal experiment. They are some of the
data base that shows the typical trend of correct measurement.
Due to the limited physical range of the relatively-inexpensive
NDIR CO; sensor, we had the end-tidal CO; sensor operated
under 50,000 ppm. Two groups are distinguished by assigning
RR with 15 and 25. The inspired gas volume was fixed with
300ml in the two groups. Concentration of the inspired oxygen
was varied with 40%, 60%, and 80% in each group. Body
temperature of the animal was 37.3C: it was used for
calibration of the sensor and for calculation of the vapor
pressure Proo.

Experimental data obtained by ABGA and VBGA are
shown in Table 2. The data marked with superscript ** are the
four terminal boundary conditions and the two basic blood
data obtained by ABGA and VBGA,; the rest variables are the
calculated data.

Table 4. Specification of the Alvitek

VI. RESULTS & DISCUSSION

As mentioned earlier, the alveolar gas partial pressures for
O, and CO» cannot be directly measured with the current
technology. However, the alveolar-gas partial pressures
predicted by solving the mass balance equations are believed
considerably accurate as far as we implement the computer
algorithm with correct blood chemistry and supply accurate
terminal boundary data.

It is interesting at this point to compare the PoO, values
obtained by the bedside formula with the present results. In
Table 1, FiO; is increased from 40% to 80% in the first group (
Cases 1~3) as well as in the second group (Cases 4~6). In
Table 3, the error of the bedside formula for PoO; relative to
the Alvitek results is evidently increased for lower F,0O,
values. For example, the relative error increases from 0.34%
in the Case 3 to 9.09% in the Case 1 in the first group, and
from 2.42% in the Case 6 to 5.44% in the Case 4 in the second
group. The relative error of A-aDQ; for the bedside formula is

Case = Device Size [om]

Device Weight [kg]

Caleulation time [s]

1520

L= R I O 2 - T

341
3.97
5.72
341
341
6.32

15
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even more serious: we note that it is increased from 2.10% in
the Case 3 to 44.7% in the Case 1 in the first group, and from
10.53% in the Case 6 to 50.5% in the Case 4 in the second
group. One of the reason is because the bedside formula has
been derived from the mass balance equations by applying the
ideal lung model and the steady state assumption.

The results show a problem of the bedside formula because
A-aDQ; is the medical index more useful and desired by the
physicians in charge of the ICU of a hospital. In short, since
the bedside formula can give as much as 50% error in the
A-aDQ; prediction when lower oxygen concentration is used
in the mechanical ventilators, it is necessary to invent some
reliable methods to predict the true alveolar gas pressures. The
present Alvitek should be a nice substitute.

V. CONCLUSION

In this work, we designed and developed an inexpensive,
fast and compact micro-electronic system to predict oxygen
and carbon dioxide partial pressures of the alveolar gas. The
system is based on the software with CBGA (Computational
blood gas analysis) algorithm, NDIR(Non-Dispersive
Infra-Red} CO» sensor and a DSP(Digital Signal Processor)
with peripheral devices having user-friendly interface.

In order to validate the efficiency and accuracy of the
developed system, animal experiment has been carried on pigs
with varying FiO, and RR(Respiratory Rate) values. It was
possible to compare the physician’s bedside formula with the
present Alvitek results to assess how much relative error exists
between the two.

The present Alvitek system has its own weakness since it
relies on the invasive method for acquisition of the terminal
boundary data of the blood such as the mixed-venous and the
arterial blood data. Nevertheless it uses a compact electronic
system of a pocket calculator size for CBGA and ourput
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display with minimum data input. The Alvitek has academic
and clinical importance as it has a potential for further
advancement like continuous blood data measurement and
development of less invasive method: it would ultimately
lower the clinical risk existing with the present methods.
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