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Chronic obstructive pulmonary disease (COPD) is a respiratory illness with high rates of morbidity and mortality. The human respiratory
system undergoes many chronic changes and adaptations under this disease conditions. The purpose of this study was to devise a
mathematical model of the human respiratory system under COPD. The model presented is based on a previous detailed model of the
human respiratory system. Cyclic changes of the lung volume with the effects of increased dead space are included and the lung
mechanics are used to adjust the rate of breathing. Continuous and dynamic changes in the cardiac output and cerebral blood flow are
represented in the model. The model includes the modified response of the respiratory control system under the chronic effects of COPD
including the shifting of the acid—base balance under the disease conditions. The performance of the model has been examined at rest and
during moderate exercise with and without oxygen supplementation. The results under different stimuli are found to be in general

agreement with experimental observations.

1. Introduction: Chronic obstructive pulmonary disease (COPD) is
a progressive respiratory illness which causes ventilator dependence
[1, 2], disability [3, 4] and large numbers of death per year
worldwide. In COPD, alveoli get damaged over time affecting the
gas exchange in the lungs [5, 6] and reducing the ventilation/
perfusion ratio [7]. In addition, the lung bronchi get inflamed
leading to increase in the respiratory airway resistance and the
work of breathing which in turn cause persistent cough and mucus
production. These conditions lead to chronic hypoxemia and
hypercapnia that in turn cause acid-base shift in the blood and
the cerebrospinal fluid (CSF) [1, 2], alter the response of the
respiratory control system to various stimuli and affect the
functions of all the body organs as the disease progresses over time.

The study of the human respiratory system is not new and many
models have been presented to represent the system mathematically
and used in practice to study the features of the system. Works in
[8-13] are a small selection of the models and simulation studies
that have been previously published on this subject. A number of
mathematical models representing multiple lung compartments
with various ventilation/perfusion ratios have been presented with
applications in COPD (e.g. [14, 15]). However, the previous
models do not include the chronic adaptations of the respiratory
control system in COPD and do not realistically represent the
system under this disease conditions. The purpose of this study
was to develop a mathematical model to represent the human
respiratory system in COPD. A previous detailed model of the
respiratory system [9] was used and modified to reflect the
system’s chronic adaptations. The ventilation control mechanisms
were modified and new mathematical formulas for control of
ventilation were devised. New and modified formulas for control
of cardiac output and cerebral blood flow were also derived and
used in the model. The model was tested at two stages of COPD,
at rest, and in moderate exercise, with and without oxygen supple-
mentation. The dynamic and steady-state results were compared
with the reported experimental data in the literature.

2. Methods: The general structure of the mathematical model is
shown in the block diagram of Fig. 1. As seen in this figure, the
model is divided to a plant and a controller. The controller is
designed to update and generate a respiratory drive signal for
every breath. The controller consists of a ‘mean value detector’
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that receives the information about the chemical composition of
the arterial blood [16] and the blood at the neighbourhood of the
central respiratory receptors [17, 18] and determines the average
data over each breathing cycle. This information along with data in-
dicative of the metabolic rate from the plant is used by a ‘ventilation
controller’ to determine the required ventilation. A ‘rate optimiser’
receives the required ventilation data and determines the optimal
respiration rate for a next breath based on the mechanical properties
of the respiratory system to minimise the respiratory work rate [19].
A cyclic drive signal is then generated and sent to the lungs, which
is updated for every breath.

The plant in Fig. 1 includes subsystems ‘lungs’, ‘body tissue’,
‘brain tissue’, a ‘cerebrospinal fluid’ compartment, a ‘transport
delay’, that simulates the delay in arterial transport from the heart
to the brain, ‘peripheral receptors’, ‘central receptors’ and a ‘metabol-
ic unit’, that produces a neurogenic metabolic drive signal to activate
the respiratory control system. The plant further includes a ‘cardiac
output controller’, and a ‘cerebral blood flow controller’, that dynam-
ically respond to the subject’s bodily requirements by adjusting the
cardiac output and the cerebral blood flow, respectively.

The mathematical descriptions and the equations of the respira-
tory controller, the modified equations for the ‘cardiac output con-
troller’ and the ‘cerebral blood flow controller’, that are devised
particularly for this model are derived and described in the follow-
ing sections. The blocks and the equations of the model that are the
same as those in [9] are provided in Appendix 1 and a list of the
symbols and variables is provided in Appendix 2.

2.1. Respiratory control under COPD: COPD is a chronic and pro-
gressive respiratory illness that causes hypoxemia and hypercapnia
as the disease advances. To compensate for these conditions, the
human respiratory control system undergoes changes and adapta-
tions over time. In COPD patients, there is a shift in the acid—
base balance [1], reduction of the ventilation/perfusion ratio [5],
increases in the dead space volume and respiratory airway resist-
ance [6] and increases in the work of breathing affecting the breath-
ing rate and pattern. The following section describes the derivation
of formulas for the respiratory controller under COPD.

2.2. Ventilation controller: It was proposed several decades ago that
the ventilatory response of the human respiratory control system is a
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Fig. 1 Model block diagram — CO, (thick black line), O, main blood
circulation

function of hydrogen ion concentration of the blood (H"), the partial
pressure of carbon dioxide in the arterial blood and the partial
pressure of oxygen in the arterial blood [20]. On the basis of that
theory, an equation for ventilation can be derived for normal
subjects as [9]

AVR =022 - H* +0.262 - Pcopmean) + FACTV-K (1)

where  FACTV=4.72 x 10™°(104—P",02(mean))”” fOr  Pla02(mean<
104 mm Hg and FACTV =0 for P',02(mean)>104 mm Hg.

In this equation, AVR is the ratio of alveolar ventilation to the
normal resting alveolar ventilation, P'ycoz(mean) aNd P'302(mean) T€P-
resent the mean arterial partial pressures of carbon dioxide (CO,)
and oxygen (O,) after transport delay from the heart to arterial
receptors, respectively, and K is a constant.

Considering half of the ventilatory response to CO, and H' to
be due to inputs from the arterial receptors and the other half
resulting from the inputs from the central receptors [9], (1) can be
re-written as

AVR = 0.11- H'} +0.131 - P ycopmean) + 0-11 - HE °
+0.131 - Pecgy + FACTV-K

where H," and H" represent the hydrogen ion concentrations at the
sites of the arterial and central receptors, respectively, and Pcco; is
the mean partial pressure of CO, at the site of the central receptors.
According to [20], there is a linear relation between the hydrogen
ion concentration and the partial pressure of CO, in the blood as

H," = 0.65.P,cosmean) + 13.5 3)
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and similarly for the CSF

a.B
Hlgp=|——|-P 4
CSF |:(BHC03)CSF:| CSFCO2 ( )

where Hgp, Pespeop and (BHCOs)csy represent the hydrogen
ion concentration, the partial pressure of CO, and bicarbonate
concentration of the CSF, respectively, a is the solubility factor
of CO, and B is carbonic acid dissociation constant in the CSF,
respectively.

In COPD, the bicarbonate levels of the arterial blood and CSF are
elevated to compensate for chronic hypercapnia [1, 5].
Incorporating the effects of bicarbonate levels increases in (3) and
(4) yields:

Y = [O.65.P;CO2(:ean) +13.5] )

Hf — ap ~ Pesreon ©6)
o (BHCOS ) CSF Y

where y is a factor >1 (e.g. between 1.2 and 1.7) indicative of the
rise in the bicarbonate level in the blood in COPD. Assuming the
same relationship as (6) at the site of the central receptors

+ _ |: a.p 1 Pccor 7
¢ (BHCO3)csr] ¥
Incorporating (5) and (7) in (2) yields
P, i ) P
AVR = (0.0715) . ~ac02mean) o 1y B ] €coy
Y L(BHCO3)csr Y
4 0.131 - Pocongmean) + 0-131 - Pecoy
1.485
+FACTV+ ———K
Y
©)

Substituting typical values of @, B, and (BHCOj3)csr as given in
Appendix 2 in (8) results in

0.0715

AVR = |:0131 + :|P,aCO2(mean)

0.10227

+ [0.131 + ] - Pecos ©)

1.4
+ FACTV + |:—K + ﬁ]
Y

and K=18.885.

In the system of the presented model, it is assumed that a neuro-
genic drive signal, MRV, which is the output of the metabolic
unit, is provided to respiratory controller in exercise. Adding
MRV to (9)

0.0715

AVR = [0.131 + :|P/aCO2(mean)

0.10227

+ [0.131 + ]PCCO2 (10)

1.485
+ FACTV + [—K + 7] + MRV
Y

where FACTV is defined as in (1).
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Equation (10) has been used to simulate the ‘ventilation con-
troller’ in COPD in Fig. 1. In using this equation, if AVR
becomes negative or if P;CO2(mean) <33 mm Hg, AVR becomes
zero [9, 21].

‘The rate optimiser’ and the breathing pattern: The rate opti-
miser determines the optimal rate of breathing to minimise the
respiratory work rate [19] based on the mechanical properties of
the respiratory system [9]. By neglecting the forces related to
inertia and turbulence in the lungs, a modified equation for the
optimal breathing rate is used in the system [11]

f= [—)\.VD + (A2 + 4.A.§.H2.VD.V,;)O'S]/(z.HZ.g. vy) (1)

where A is respiratory system elastance, & is the airway resistance in
the lungs, V5 is alveolar ventilation, and Vp is the dead space
volume found as

Vo =K' Vpn (12)
and Jpy is normal dead space found as [9]
Von = 0.1698.7, + 0.1587 (13)

and K is a factor >1 (e.g. 1.1-1.5) representing the effect of COPD
on the dead space [7] as a result of the reduction in the ventilation/
perfusion ratio [5].

Based on the outputs of the ventilation controller and the rate
optimiser, the ‘cyclic drive signal generator’ in Fig. 1 generates
a drive signal to the lungs that is updated for every breath. This
generator can produce various signals such as a square wave,
exponential and so on. If a sinusoidal signal that can be considered
as the main harmonic of any cyclic signal is generated by this block,
it will be given as

% = ILV; Sin(2.ILf 1) (14)

where v is the lung volume, and ¢ is time. In the simulation studies
presented in this paper, a sinusoidal signal is produced by the
‘cyclic drive signal generator’, according to (14). The external
ventilation is found as

Ve=Vy+f1.Vp (15)

where Vg and V4 represent the external and alveolar ventilation,
respectively (in I/min) and f1 is the breathing rate in breaths/min.

2.3. Control of blood flow: Cardiac output has been known to be a
function of the metabolic rate [22], the arterial partial pressures of
CO, [23] and O, [24], while the cerebral blood flow is known to
be function of arterial tensions of CO, [25, 26], and O, [27, 28]
but not the rate of metabolism. Detailed mathematical equations
describing cardiac output and cerebral blood flow have been
derived based on experimental data in the literature and used
under static [29] and dynamic conditions [9]. Those equations are
not given here because they are too long. In view of the fact that
in general, COPD patients do not undergo high levels of exercise,
for the purpose of this study, the mathematical descriptions
for control of cardiac output and cerebral blood flow have been
derived from experimental data as linear approximations up-to
only moderate levels of exercise. The mathematical equations
describing ‘cardiac output controller’ and ‘cerebral blood flow
controller’ are described in the following sections.
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2.3.1 Cardiac output controller: The cardiac output is described by
a first-order dynamical equation as

40 _[Ov + Qu + Oco, + 00,0

dt T3 (16)
where Q is cardiac output, Qy is cardiac output at rest, Q,, is the
effect of exercise on cardiac output, Oy, and O, are the effects
of the arterial partial pressures of O, and CO, on cardiac output,
respectively, and 75 is a time constant.

For Oy, the following linear approximation equation was derived
from data in moderate exercise in the literature [22]:

0y =036-(MRR — 1) - Oy forMRR > 1 and

a7
0y, =0forMRR =1
where MRR is the metabolic rate ratio (i.e. the ratio of the rate of
metabolism to the basal rate).
A linear approximation equation in moderate exercise was
derived for Qco, from the reported experimental data [23] as

Ocoy = 0.054 - (P,cpy — 42) - Oy for Py > 42mmHg and
Oco, = 0for P, < 42mmHg

(18)

where P,co; is the arterial partial pressure of CO,.
For Qy,, the following linear approximation equation was
derived from experimental data [24]:

Oy = 0.008 - (85 — P,q,) - Qy for P, < 85mmHg and

19)
O = 0for P, > 85mmHg
where P,q, is the arterial partial pressure of O,.
Equation sets (16)—(19) describe the cardiac output controller of
the model. O can be described as

0 = SVxHR (20)

where SV is stroke volume and HR is heart rate. The SV is a func-
tion of the body posture and metabolic activity and is relatively
constant at rest (e.g. 70 ml). This value increases by about
30-40% at the onset of activity and remains relatively constant
during moderate exercise [30]. Approximate values of the HR can
be found from the cardiac output produced by the model and
(20), by using realistic approximate values for SV.

2.3.2 Cerebral blood flow controller: The blood flow to the brain
does not change significantly in response to exercise but it is a func-
tion of P,cos [25, 26] and P,o, [27, 28]. The following dynamical
equation is used to describe the blood flow rate to the brain (Qg) in
the model:

d0y _ [QBN + Opcox + QBOZ'QB]

dt T

2h

where Qpy is the normal brain blood flow rate, Opco, and Opos
represent the effects of P,co, and P,o, on the brain blood flow
rate, respectively, and 74 is a time constant.

The following set of linear approximation formulas were derived
for Opcoy in moderate exercise based on reported experimental data
[25, 26]:

Ogcoa = —0.015 - Opy.(40 — Pocoy) for Py, < 40 mmHg
Ogcoy = 0.1515.0py.(Pycoy — 44) for P, > 44 mmHg

Opcoy = 0for40 mmHg < P, < 44mmHg
22)
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For Opoy, a set of linear approximating formulas were derived in
moderate exercise based on available data [27, 28]

Opox = (0.562-0.006Pa02) - Opn for P, < 87mmHg

(23)
Opoy = 0for P, > 87mmHg
Equation sets (21)—(23) describe the cerebral blood flow controller
of the model.
The blood flow rate in the body tissues, Q7 (excluding the brain)
is found as

Or=0-0p 24

3. Example results: The mathematical model was tested at rest and
moderate exercise with and without oxygen supplementation at two
different stages of COPD. In the more advanced stage of the
disease, exercise simulations were not done without oxygen
supplementation. Table 1 shows the steady-state values of several
selected variables of the model under different test conditions.

In the simulation results of Table 1, the steady-state values at rest
were obtained after 50 min of simulation and in exercise after
20 min. The respiratory elastance was 28 cm H,O/l, and airway
resistance was 10 cm H,O/I/s. Two stages of COPD are considered.
Stage 1 represents a moderate level of the disease while stage 2
represents a more advanced level of the illness. The factor ¥ in
the ventilation controller that indicates the extent of acid—base shift-
ing in COPD is 1.3 in COPD stage 1 and is 1.5 in COPD stage 2.

Table 1 Steady-state results of the model at rest and in moderate exercise
in COPD

TEST COND. SIMU. RES.
Fioz Stg. MRR Plaoa Pcor Sl Ve O Os
Resting
0.21 1 1 65.4 455 99 515 647 09
0.21 2 1 62.1 47.8 10.6 575 7.41 1.21
0.35 1 1 165.6 45.75 11.5 629 59 09
0.35 2 1 161.4 49.1 9.5 5 6.73 1.25
Mod. Exer.
0.21 1 3 60 44.8 18.8 12.87 15.1 0.85
0.35 1 3 157.6 457 18.5 12.61 9.14 0.81
0.35 2 3 158.7 482 184 1243 9.8 1.03

Pl and P,cq, are in mm Hg, £1 is in breaths/min, Vg, as well as Q, and
Qg are given in lit/min.
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Fig. 2 Example simulation results at rest in stage 1, COPD, with no oxygen
supplementation
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Fig. 3 Example simulation results in moderate exercise in COPD, stage 1,
with no oxygen supplementation
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Fig. 4 Example simulation results in moderate exercise in stage 2, COPD,
with oxygen supplementation (Fp, =0.35)

Figs. 24 show examples of the dynamical responses of the
model. Fig. 2 shows the P, and P, responses of the model
in moderate COPD (stage 1) at rest with no oxygen supplementa-
tion. As is seen, Py, stabilises around 65 mmHg in about
30 min and P,q, is around 45 mm Hg indicative of hypoxemia
and hypercapnia.

Fig. 3 shows the exercise simulation results of the model in mod-
erate COPD when MRR =3 and without oxygen supplementation.
As is seen, P, goes up to about 70 mm Hg in about 9 min and
P.co, is about 43-45 mm Hg.

Fig. 4 shows the dynamic simulation results of P, and P, in
moderate exercise (MRR = 3) for a patient with stage 2 COPD while
oxygen supplementation (Fio, =0.35) is applied. As can be seen,
P, responds to oxygen supplementation while P, approaches
to about 50 mm Hg due to CO, retention in about 7.5 min.

4. Discussion: As can be seen from the simulation results of
Table 1, hypoxemia and hypercapnia are observed at rest in
patients breathing room air (Fio,=0.21), at moderate COPD (i.e.
stage 1) and in more advanced stage of the disease (i.e. stage 2).
It can be seen that hypoxemia and hypercapnia are worsened at
rest in patients with more advanced COPD. The P,q, level
changes from 65.4 to 62.1 mm Hg and P, increases from 45.5
to 47.8 mm Hg as COPD advances to a higher stage. When
oxygen supplementation is used at rest (Fjop=0.35), P/a02 rises,
but P, also increases causing more hypercapnia. In moderate
COPD, P, slightly increases to 45.75 mm Hg with oxygen
supplementation at rest, while in more advanced COPD, P,
increases to 49.1 mm Hg showing more highly pronounced
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hypercapnia with oxygen supplementation. This is known as CO,
retention in response to oxygen supplementation in COPD
patients. These results are in general agreement with clinical
observations [31, 32].

In moderate exercise (MRR =3), unlike normal subjects whose
blood gases are not affected by exercise, hypoxemia and hypercap-
nia are observed in COPD patients. When oxygen supplementation
is used in exercise (Fiop = 0.35), P, tises, but P, also increases
and the increase in P, is higher in the more advanced stage of
the disease to 48.2 mm Hg. The results of the model in moderate
exercise are seen to be in general agreement with experimental
data [32-34].

The dynamic simulation results of Figs. 2—4 show the effects of
COPD on the blood gases at rest and in moderate exercise with and
without oxygen supplementation. These results show the persist-
ence of hypercapnia at two stages of COPD and the effects of
CO, retention with oxygen supplementation that are exacerbated
at the higher stage of the disease. These results are seen to be in
general agreement with experimental data [31, 32, 34].

5. Conclusion: In summary, it is known that in COPD the
ventilation/perfusion ratio is adversely affected due to damages
to the alveoli [5]. At the same time, the inflammation in the
bronchi causes the respiratory airway resistance to increase [1].
The combination of these factors causes significant increase in
the work of breathing to maintain adequate ventilation and
regulate blood gases in the normal range. As a consequence, the
level of effective ventilation decreases in COPD over time which
causes hypoxemia and hypercapnia [31, 35]. These effects in turn
cause the bicarbonate concentration of the blood and the CSF to
rise above normal to keep the blood pH level within an
acceptable range [1]. This chronic acid-base adjustment reduces
the effect of CO, as a stimulus to ventilation. In the model
presented in this study, the ventilation controller includes the
effects of chronic acid-base shifting in COPD. This model
includes a cyclical changing lung volume, a discrete and detailed
controller and a plant that includes the body tissue, the brain
tissue, a CSF compartment, central and peripheral receptors,
cardiac output and cerebral blood flow controllers and a
metabolism mechanism that produces a neurogenic stimulus to
ventilation in exercise. The simulation results of this model are
seen to be in general agreement with the reported experimental
observations.

More detailed simulation experiments under various conditions
in the future may enhance the applications of the model as
well as the understanding of different mechanisms at work at
different stages of COPD. Future work may also include
consideration of chronic changes in the respiratory muscle physio-
logy under COPD.
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7. Appendix 1
Additional equations:

Lungs:
For CO,:
(CVTCOZ' aCOZ)QT + (CVBCOZ - CaCOZ)QB
(25)
— v M—I—F ACTI
(P, —47)| dt
For O,:
(Caor — Cy102) O1 + (Ca02-Cypon) On
(26)
= [9Paor | pacmn
(P,—47)| dt
where in inspiration that dv/ds>0:
FACTI — (Pacoz -Picon) | dv
(P, —47) |dt
FACT2 — (PIOZ - PAOZ) 9
(P, —47) | drt
and during expiration that dv/dt<0: FACT1=FACT2=0.
Body tissue:
C =C MRS, SCvIC02 27
vrco2-O1 = Cuco2-Or + MRrcoy-St- ar (27)
C =C MRy, 36v102 28
v102-O1 = Co02-Or TO2™T Ty (28)
Arterial transport delay:
Cicor = Cacon(t = T) (29)
w02 = Cooa(t = T) (30)
Pleor = Pucoat = T) (31
Picoyr = Puon(t = T) (32)
Brain tissue:
C =C MRy 0,-Sg. SCVBCOZ (33
vBco2-O8 = Caco2-Op + MRpoy-Sp- ar (33)
/ dCypon
CyBo2-O = Cu02-Op-MRpo,-Sp- 4 (34)
The CSF compartment:
dP,
%-Ks = [P veco2-P CSFCOZ] (35)

Central receptor equation:

Pecor = Pypcor + [PesecorPyscos |-exp [—d.[05.K,]*°] (36)
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The metabolic unit:

Blood gas relationships:

dMR.
%.Tl = [MIF-MR1q, ] (37
MRcp = 0.81534. MR, (38)
MR, = MRrg, + MRy, (39)
MR¢o; = MRycop + MRyep, (40)

MR,
MRR = ——2 _ (41
MRy, (basal)

dMRV

o 7, = [MRR — 1] — MRV (42)
_ 2

Cor = Kl'[l — el KzAPoz)] (43)
Ceor = K3-Peon (44)

8. Appendix 2

Glossary of symbols is given in Table 2. The main symbols
specify the parameters or variables and the subscripts denote a
chemical or a location of the parameter/variable in the model. X
denotes the mean value of X and X' denotes the time-delayed
value of X.

Table 2 Glossary of symbols

Symbol Definition Value/unit (where
applicable)
AVR alveolar ventilation ratio
BHCO; bicarbonate concentration 0.58 I(STPD)/l
c volume concentration of gas in I(STPD)/1
the blood
d depth of central receptor below 15x107 cm
the surface of the medulla
F breathing frequency breaths/s
fl breathing frequency breaths/min
F fractional composition of gas
FACTN factor n as specified in text
H' hydrogen ion concentration nmoles/l
K ventilation controller constant
K dead space COPD factor
K, blood gas dissociation constant 0.2
for oxygen
K, blood gas dissociation constant 0.046 [mm Hg] ™"
for oxygen
K; blood gas dissociation constant 0.016 [mm Hg] ™'
for carbon dioxide
K, central receptor constant 346 x10%s. em 217"
Ks carbon dioxide diffusion time 320s
constant
MIF metabolic input function to tissue s
MR metabolic rate I/s
MRp metabolic rate in brain basal rate for oxygen:
0.000925 I/s
basal rate for carbon
dioxide: 0.0009 /s
MRt metabolic rate in body tissue basal rate for oxygen:

0.00352 I/s
basal rate for carbon
dioxide: 0.00287 1/s

Continued
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TABLE 2 Continued

Subscripts
Symbol Definition Value/upit (where a arterial blood
applicable) A alveolar gas
b barometric condition
MRR metabolic rate ratio (ratio of actual B brain
metabolic rate .to basal m.etab(.)lic rate) C a point in the neighbourhood of central receptors
MRV neurogenic me'tab.ohc drive CO, carbon dioxide
' to ventilation CSF CSF
P partial pressure or gas pressure mm Hg D dead space
Y blood ﬂgw rate . Vs E external ventilation
Or blood flow rate in t?ody t.1ssue basal rate: 0.07083 I/s I inspired gas
Os b?ood flow rate in brain basal rate: 0.0125 /s M metabolic
S eq.ulvalent gas storage space 1 N normal
St equivalent gas st'orage space in 131 0, oxygen
) body tissue ) ) T body tissue (excluding brain)
S equlvalept gas storage space in brain 1.11 v venous blood
T arterial blooq transport delay 10s VB brain venous blood
r time s VT tissue venous blood
V volume 1
7% effective alveolar ventilation I/s. Normal value at
rest: 0.0673 I/s
Va effective alveolar ventilation I/min
Vb dead space 1
Ve external ventilation I/min
v volume of the lungs 1
7 exercise dynamic factor 30s
T neural metabolic drive dynamic factor 50s
(e cardiac output dynamic factor 3s
Ty cerebral blood flow dynamic factor 3s
a solubility factor for carbon dioxide 6.783x 1071
in CSF (STPD)//mm Hg
B carbonic acid dissociation constant 795 nmoles/1
in CSF
Y acid-base adjustment factor for
bicarbonate concentration in COPD
A respiratory system elastance cm H,O/1
& respiratory airway resistance cm H,O/I(BTPS)/s

Healthcare Technology Letters, 2020, Vol. 7, Iss. 6, pp. 139-145
doi: 10.1049/htl.2020.0060

145

This is an open access article published by the IET under the

Creative Commons Attribution-NonCommercial-NoDerivs
License (http:/creativecommons.org/licenses/by-nc-nd/3.0/)



	1 Introduction
	2 Methods
	3 Example results
	4 Discussion
	5 Conclusion

