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Abstract. The aim of this work is the development of a mass transferenatical model of the carbon monoxide transport
in the human respiratory system. It considers the exchaofyjesrbon monoxide, oxygen and carbon dioxide in the lung,
blood and tissues. The human body was divided in the follpe@mpartments: alveolar, pulmonary capillaries, artéria
venous, tissue capillary and tissues. The model enablemthlgsis of the carbon monoxide transient distributionhia t
human body, depending on the inspired air conditions. Theggns were derived from principles of mass conservation.
The gas transport in the blood and tissues is representedrpjirieal equations. The mutual influence of the gases on
each other transport was also considered. The model wadatelil by comparing its results with experimental data of
controlled CO exposition. The agreement was excellent.
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1. INTRODUCTION

The carbon monoxide (CO) is a colorless, odorless and ohgigs. It has been the main cause of accidental deaths
from poisoning. It is responsible for the biggest amountafytant launched in the atmosphere, produced by man and
nature. The main source is the fossil fuels burning (codbmi natural gas), most produced by motorized vehicles. The
human body produces CO at low levels.

The function of the human respiratory system is to providggex (Q) to the tissues and to eliminate the carbon
dioxide (CQ,) produced by them. Most of the,Gransported by the blood is through its reaction with herobigl
molecules. The transport of CO happens in the same way,saffimity with hemoglobin is about 250 times bigger than
O,. The presence of CO in the blood reduces its capacity to €yryTherefore, large CO concentrations produce the
lack of O, in the tissues. The linkage between CO and hemoglobin isadakhrboxyhemoglobin (COHb), represented
by the amount (%) of hemoglobin reacted with CO. It is usecktate the effects of CO in the human body (Tab. 1). It
is measured by analysis of blood or exhaled air. In the alessehmeasurement methods, the COHb can be estimated
through mathematical models.

Table 1: Effects of COHb level in the blood of health subjg¢atiapted from WHO (1999)].

COHb [%] Effect

> 2 Small decreases in work capacity
5 Decrease of oxygen uptake and exercise performance;dentsin neurobehavioral function
10 Shortness of breath on vigorous exertion; possiblerteg# across the forehead; dilation of cutaneous
blood vessel
20 Shortness of breath on moderate exertion; occasiondabke with throbbing in temples
30 Decided headache; irritable; easily fatigued; judgerdsturbed; possible dizziness; dimness of vision

40 — 50  Headache; confusion; collapse; fainting on exertion
60 — 70  Unconsciousness; intermittent convulsion; respirataityfe; death if exposure is long continued
80 Rapidly fatal

Most of mathematical models are empirical (Forbes et alt51Pace et al., 1946; Lilienthal and Pine, 1946; Goldsmith
et al., 1963; Ott and Mage, 1978; Venkatram and Lough, 1978¢. output of an empirical model has consistency only
for the conditions in which the experiment was carried oubr&klaborated empirical models were proposed by Peterson
and Stewart (1970) and Stewart et al. (1973) for a large rah@®© concentrations.

Recently, models describing the physiological processketed to CO transport in the human body have presented
satisfactory results. Among them the CFK model (Coburn ¢t1865) has been extensively used. There are several
applications and validations of that model (Marcus, 1984l|i€ and Goldsmith, 1983).
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The model of Sharan and Selvakumar (1999) divides the lumginpartments, one alveolar and several pulmonary
capillaries. It considers, besides CO, the exchanges ajdkes @, CO, and nitrogen (N). It was applied to the end-
expired breath technique. The model of Bruce and Bruce (24l88 divides the human body in compartments, including
the muscular and non-muscular tissues. The present moslehlagacteristics of the lung’s representation by Shardn an
Selvakumar (1999) and the tissues’s representation ofeBand Bruce (2003).

The carbon monoxide transport model in the human respyrai@mtem developed considers the exchanges of GO, O
and CQ. The human body was divided in the following compartmeniigea@ar, pulmonary capillaries, arterial, venous,
tissue capillary, and tissues (muscular and non-musculag transport of gases in the blood and tissues are repeesen
by relations found in literature. The model enables theyamiglof the gases transient distribution in the human body,
depending on its condition and the gas concentration intthespheric air.

2. TRANSPORT

The respiration process starts with the air passing throluiglidead space, where it is totally humidified. The water
vapor pressurefy,o) at the body temperature of 3T is 47 mmHg (6.27 kPa). The pressure of the inhaled gases
arriving in the alveoli is the barometric pressure less th&ewvapor pressure.

Pg,in - Fg,in (Pbar - PHgO) (1)

whereg = CO, G,, CO,; P, ;,, = partial pressure of inspired [kPa];Fy, ;,, = fraction ofg in inspired air [0 to 1];Py,, =
barometric pressure [kPalq,o = water vapor pressure [kPa].

The gas diffusion capacity through the respiratory memdiarknown in physiology byDy. It is the relationship
between the flux of a certain gas through the respiratory maneband its driving force, which is the difference between
the alveolar partial pressure and the average of the pulmcaaillary partial pressures. It includes the diffusibrough
the membranes and the speed of the chemical reactions inyttheaeytes.

The CO, Q and CQ gases are transported by the blood dissolved and chemiealtyed with hemoglobin. In the
tissues, they are stored dissolved. In the muscular tisguesO and @ are also chemically reacted with myoglobin.
The relationships of the £and CQ transport are based on the work of Turri (2006).

The amount of dissolved gases is equal to their partial pressmultiplied by the gas solubility coefficient. These
coefficients for the blood at body temperature {&} are (1.7, 2.2 and 50.3)50~* ml/(ml-kPa) for CO, Q and CQ re-
spectively. For the tissues (assumed to be the same as Miaése coefficients are (1.82, 2.36 and 56)x* ml/(ml-kPa)
for CO, O, and CQ (Altman and Dittmer, 1971).

Most of O, is carried by the blood through its chemical reaction witmbglobin, forming a compound called oxyhe-
moglobin (GHb). The relationship between the amount gHD and the total amount of hemoglobin is the €&aturation
(So,), where 100 % corresponds to the maximum capacity of 1.3¢ oflhemoglobin (Guyton and Hall, 2005). The
hemoglobin concentration in the blogHb] of a normal subject is 0.15 g/ml (Guyton and Hall, 2005). Télationship
between the partial pressure of @nd its saturation is given by the dissociation curve. Itesin function of the C@
amount in the blood and temperature. The oxygen saturatiohtained as proposed by Kelman (1966), considering the
temperature equal to 3TC:

B N*—15N3 +2045 N2 + 2000 N
T N4 —15N3+2400 N2 —-31100N + 2.4x 106

N =T7.5Po,x 10[0-48 (PH —7.4)—0.0013 BE] (3)

SOz (2)

whereSp, = hemoglobin saturation of {JO to 1]; Po, = partial pressure of §[kPa]; BE = base excess [mmol/L].

The blood carries CO in the same way that, @issolved and chemically reacted with hemoglobin. Thenrsble
reaction of CO with hemoglobin forms the carboxyhemogldi®Hb), also known as the CO hemoglobin saturation
(Sco). The affinity of CO with the hemoglobin is about 250 timesdegthan Q. The following relationship represents
the transport of CO and{n the blood. The maximum blood capacity to carry reacted £the same of @

zy = g Py + 1.34[Hb] S, “4)

wherez, = content ofg [ml/ml]; «, = solubility coefficient ofg [ml/(ml-kPa)]; P, = partial pressure of [kPa]; [Hb] =
hemoglobin concentration [g/mlf, = hemoglobin saturation af [0 to 1].

The classic work of Douglas et al. (1912) is the first theosdt$tudy of the interdependence between the hemoglobin
saturation of CO and © They concluded that the presence of CO in the blood movediskeciation curve of ©to the
left, reduces its inclination and turns it more hyperbolitat variation is known as the Haldane effect. Based on these
observations some theoretical relationships were deedldmown as the Haldane equation:

Sco Pco
=M 5
So. Po, %)
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whereM = Haldane constant.

The value of the Haldane constait/] is the relationship of the hemoglobin affinity between C@ &h. Several
researchers attempt to find a suitable value for this cohdiamg usually between 210 and 290. In the present work the
value of 246, determined experimentally by Douglas et &10), is used.

Due to the similarity between the reactions of the hemoglebith CO and @, the dissociation curve of CO in the
absence of @has the same form of the dissociation curve gfi®the absence of CO. The total hemoglobin saturation for
O, and CO can be obtained by the dissociation curvepin@he absence of CO, considering tRg, asPo, + M Pco.

CGO; is transported dissolved in the blood, linked to the hemioigloand as bicarbonate ion. The ¢€@nked to
the hemoglobin forms the carbamino (¢¥b). However, CQ does not occupy the same connections with the iron
atom of CO or Q. The amount of C@Hb depends on the saturation of the hemoglobin for CO andMbst of CG,
(approximately 70 %) is transported in the form of bicarktenan after reacting with water. To determine the total eoht
of CO, in the blood, it is used the model proposed by Douglas et 8Bg}:

CO; = TCOs pl (3.352 — 0.456 So,) (8.142 — pH)
ZCO,,pl = aco, Pco, [1 + 10(PH=6,1) o

wherezco, , = content of CQ in the plasma [ml/ml].

In the tissues, the gases are stored dissolved and chgmiealited in the muscular tissues. The protein called
myoglobin has a function similar to the hemoglobin in thedalo It is used for @ storage, forming the oxymyoglobin
(O2Mb). CO also competes with £for the links with the myoglobin, with affinity about 25 timésgger, forming the
carboxymyoglobin (COMDb).

The maximum myoglobin capacity to store the gases is detexnby the hemoglobin capacity multiplied by the
relation of their molecular masséi 000 for Hb and17 600 for Mb (Guyton and Hall, 2005), divided by four (hemoglobin
carries four molecules and myoglobin one). That relatignslas adapted from the model of Bruce and Bruce (2003).
The myoglobin concentration in the muscles is 0.0053 g/mb{€n and Mayers, 1971). The myoglobin saturation is also
represented by a dissociation curve. The Hill equation veasl to represent this curve, according to Schenkman et al.
(1997):

Po,

So, = ————2—
2 Po, + Pso

8
wherePs, = Pp, necessary to saturate half of the myoglobins [kPa].

The P, for mioglobin is equal to 2.33 mmHg (0.311 kPa) (Schenkmaal.el997).

The energy in the human body is generated by the oxidationraEscompounds with linkages between carbon and
hydrogen. These compounds are the carbohydrates, fat®arecarbon-hydrogen chains. €énd water are generated
as product of that oxidation. This process is known as mdisahoThe relationship between the amount of JfPoduced
and the Q consumed is the respiratory quotief®).

The human body produces CO in an endogenous way, mainly prtoess of hemoglobin degradation (about 80 %).
The organ responsible for producing most of CO is the liveb@n et al. (1963) experimentally determined the value of
endogenous production of CO in rest as 0.007 ml/min.

The blood is distributed in the body by the cardiac outgut]. Through the lung, only a fraction of the cardiac output
exchange gases with the alveoli. That fraction, knowm big equal to 0.98 for a normal person (Guyton and Hall, 2005).

The total blood volume in the human body of adults is appratéty5 000 ml (Guyton and Hall, 2005). That volume
is divided in four parts. One represents the blood in the pulany capillary, with volumeY(.,) equal to 100 ml (Mount-
castle, 1980). The others values, based on Guyton and HHb]2are the arterial blood/), equal tol 000 ml, the
venous blood¥,), equal to3 550 ml, and the blood present in the tissues capillafy), equal to 350 ml.

The volume of muscular tissue¥f,) is approximately30 000 ml. The volume of the non-muscular tissués,()
is approximately? 000 ml. The alveolar volumel(4) is approximately2 000 ml in the end of expiration (Mountcastle,
1980).

It is considered in the present model the variations of thesjpiiogic parameters that more significantly affect the
respiratory process, related to the Gonsumption {5,). These parameters are the alveolar ventilatidg)( cardiac
output (2 g), diffusion capacitiesl0 ), and respiratory quotienRQ). Experimental data from several authors were used
to interpolate linearly an equation for each parameter.&chations define the parameter equal to b Voz- The values
of the coefficients andb are presented in Tab. 2.

The values ofV,, for the activities of resting, sitting, standing and waltkiare 245, 346, 513 ant020 ml/min
respectively (Mountcastle, 1980).
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Table 2: Interpolated parameters (Parameter+ b Vo, ).

Parameter a b Unit Reference

Va -99.7 17.55 ml/min Guyton and Hall (2005)
QB 3738 7.6 ml/min Guyton and Hall (2005)
Dip,, 153 0.287 ml/(mirkPa) Turrino et al. (1963)
Dico, 456 1.25 ml/(mirkPa) Piiper et al. (1980)
Droo 187 0.15 ml/(mirkPa) Turrino et al. (1963)
RQ 0.826 0.0000985 - Turrino et al. (1963)

3. MODEL

The method used to represent the respiratory system is ¥imodi of the several reservoirs of blood and gases of
the human body in compartments. The model is formed by fivepamtments, besides some representing the pulmonary
capillaries. It is represented in Fig. 1.

AR
|:> ALVEOLAR |:>

ARTERIAL

PULMONARY CAPILLARY

Q
O
Q’
TISSUE CAPILLARY

TISSUES

Figure 1: Model's representation.

In the model’s equations development, principles of masseation were used. The gases and liquids inside the
compartments are considered uniforms. The compositiohefgases in each compartment is described by ordinary
differential equations representing the time variatiame for each compartment and one for each gas. The sub-index
represents each one of the gases, bgiagual to CO, Q or CO;.

3.1 Alveolar compartment

The first compartment, that connects the human body to tlegredtair, is the alveolar compartment. It represents the
gas found in the lung’s alveoli. The flow through that compemtt is the alveolar ventilation. Inspired air get in afteirly
humidified in the dead space. The expired air has the sameasitigm of the air inside the alveoli. Another important
process in the alveolar compartment is the transfer of gagehffusion with the pulmonary capillaries compartments
through the respiratory membrane. The following equatepresents the overall process, with the diffusion coefficie
correction from STPD (Standard Temperature and Pressyet®BTPS (Body Temperature and Pressure Saturated)
(Altman and Dittmer, 1971):

P, 4 - 310 Diy \-
Va —dqt =Va (Py,in — Pg,a) — 273 101.325 Tq Zl(Pg’A ~Foaro) ©

whereV, = volume of the alveolar compartment [mlf,, 4 = partial pressure of in the alveolar compartment [kPa];
V4 = alveolar ventilation [ml/min]:D;, , = diffusion coefficient ofy through the respiratory membrane [ml/(nkRa)];:
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= index of the pulmonary capillary compartment [17th » = number of pulmonary capillary compartment; ;) =
partial pressure gf in the pulmonary capillary compartmenfkPa].

3.2 Pulmonary capillary compartment

The pulmonary capillaries are represented by a series opadments. The unshunted blood flows through these
compartments where the transfer of gases occurs. Venoad bluters in the first compartment. Then the blood flows
to the next capillary pulmonary compartment exchanginggagth the alveolar compartment through the respiratory
membrane. The diffusion coefficient is considered consteall compartments.

The reason of using several compartments is the need of aratedgalue of the local driving force since the gases
change its concentration as they flow in the capillaries. Skt@ring the computational effort and the need of a smooth
curve, 10 compartments were considered enough. The faltpeguation represents the gas content variation of each
pulmonary capillary compartment:

@ dZ g cp(i Dy,

)
n 4 WsO (Tg,cp(i=1) = Tg,ep(i)) +

. (Pg-,A - Pq,cp(i)) (10)

whereV,,, = volume of one pulmonary capillary compartment [mi}, .,,;y = content ofg in the pulmonary capillary
compartment [ml/ml]; Qg = cardiac output [ml/min]g = fraction of unshunted blood.

3.3 Arterial compartment

The unshunted blood that leaves the pulmonary capillariegsrwith the shunted blood and goes to the arterial
compartment. It works as a system time delay. The followipgedion represents the arterial content variation:

Vo—7==QB[0Tgcpin) + (1 =0) gy —2g.4] (11)

whereV, = volume of the arterial compartment [ml};, , = content ofg in the arterial compartment [ml/ml};, ., =
content ofg in the venous compartment [ml/ml].

3.4 Tissue and tissue capillary compartments

The next compartment in which the blood flows is the tissuédlleap compartment. There the blood exchange gases
with the tissue compartment, where the metabolism take®plBhe mechanism of tissue diffusion is complex. Because
of that, it was simplified in the present model considerirgdhses partial pressure in the tissue capillary being the sa
of the tissues.

The tissue compartmentis divided in two volumes, one regtirsy the non-muscular tissues and another representing
the muscular tissues, where the gases CO andr®linked to the myoglobin. In the tissues, the i@consumedf(oz)
and the gases CO and g@re produced with rate-o andVeo,, respectively. The partial pressure variation of both
compartments is represented by the following equation:

dx + dx tm dx tn dP, t .
V g,c + V g, + V g, 9, — _ _ V 12
< ct dPg,t tm dPg,t tn dPg,t dt QB (xg,a 'rg,ct) g ( )
whereV,; = volume of the tissue capillary compartment [mi]; ., = content ofg in the tissue capillary compartment
[ml/ml]; P, . = partial pressure of in the tissue and tissue capillary compartment [kPg], = volume of the muscular
tissues [ml];z4.+m = content ofg in the muscular tissues [ml/ml};,, = volume of the non-muscular tissue [mil; ;,, =

content ofg in the non-muscular tissues [ml/mi}; = metabolic rate in the tissues [ml/min].

3.5 Venous compartment

After the tissue capillary compartment, the blood goes¢ovénous compartment. Leaving it, the blood returns to the
lung. The venous compartment also works as a system timg. déda following equation represents the venous content
variation:

dzg.y

Vi
dt

= QB (xg,ct - xg,v) (13)

whereV,, = volume of the venous compartment [ml].
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3.6 Numerical solution

A computational program based on C++ language was developadler to solve the equations in the steady state
and transient conditions. The steady state solution isssacg to define the subject’'s conditions in the beginning of
the simulation. The conservation equations were solvathusie successive approximation method for the steady state
solution and the explicit Euler integration method for trensient solution.

4. VALIDATION
4.1 Dissociation curve

The modeling of the gases transport by the blood was vatidadenparing its dissociation curve with experimental
data obtained by Routhgon and Darling (1944), for differaities of Q saturation §o,) andpH. It is represented in
Fig. 2a, for approximately the sanse:o and different values gfH, and in Fig. 2b, for the sameg{ and different values
of Sco. The agreement between the theoretical curve () and theriexgntal datad ande) was good.

80 - 60 1
[
70 -
50 —
COHb =221 % COHb = 36.8 %
60 pH = 7.50 pH =7.36
40 <
. 50 — —_
< =
UC)S\' 40 § 301 °
Hb = 19.5 9
30 CHO=b7 3295 & COHb = 55.2 %
pR=7. 207 pH=7.36
20 -
10
10
0 1 1 I I 1 1 0 I I 1 1 1
0 10 20 30 40 50 60 0 10 20 30 40 50
Poy [mmHg] Poo [mmHg]

(@ (b)

Figure 2: Comparation of the model's;@issociation curve (=) and the experimental datar{de) from Routhgon and
Darling (1944) for (a) approximately 20 % 6% and different values gfH, and for (b) different values oo and
the samepH .

4.2 Model

Stewart et al. (1970) conducted experiments exposing akesjects to CO concentrations of 50, 100, 200, 500 and
1000 ppm for periods from half hour to twenty-four hours. T@®Hb was obtained by the analysis of venous blood
samples along the experiment. It was also measured thesgpesition, breathing pure air. These data were used to
validate the model in a transient state. Figure 3a, 3b ande®ept the experimental datg &Gnd the numerical simulation
(-) for constant CO concentrations of 50, 100 and 200 pprectsely. Figure 3d presents the validation for a constant
exposition of 500 ppm and an exposition with the CO concéptrdeing incremented from 0 to 1000 ppm.

It was considered a typical subject, male, with 70 kg weifjt4 m height, and 30 years old at sea level. Light levels
of physical activity were also considered, depending onetkigosition time. For the 50 and 100 ppm expositions the
sitting activity was considered. For the 200, 500 and 1008 pgposition the activity was considered to be an average
between sitting and standing. The initial condition wasuatjd according to the data for each experiment.

The numerical results agree very well with the experimedédh. For the post-exposition period, the agreement is
also good.

5. CONCLUSIONS

In the present work, a CO transport model for the human ratpiy system was developed, considering the exchanges
of CO, O, and CQ. The human body was divided in compartments, representiaglaces where these gases are
present (alveolar, several pulmonary capillaries, aterenous, tissue capillary and tissues). The mathenhatindeling
generated a set of equations describing the gases traosi@#ntration in each compartment, in function of phygjaal
parameters. The model’s validation was done by comparingegults with experimental data. The agreement between
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the results was excellent.
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Figure 3: Comparation of COHb levels from the present moeedid the experimental datg) from Stewart et al. (1970)
for CO concentrations of (a) 50 ppm, (b) 100 ppm, (c) 200 patn500 and 1000 ppm.
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