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ABSTRACT

This paper describes a respiratory control systesdein
and the associated computer simulations for human
subjects during incremental exercise, involving kuates
from zero up to the highest level in the heavy eiser
domain. Modelling the respiratory control systenr fo
conditions above lactate threshold has rarely been
attempted because many subsystems begin to lose
proportionality in their responses. Our model isltbon

the basis of putative mechanisms and is based on
information identified from a large body of publeth
work. Simulation results are presented and val@latng
experimental results from published sources. Theaho
confirms that the human body employs an open-loop
control strategy for ventilation during exercisehigh
contrasts with the negative feedback control mode
employed for the rest condition. It is suggestedt th
control of ventilation simultaneously involves att two
variables, one being proportional to the pulmon@gy
output and another being proportional to blood icid
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1. Introduction

The human body has a large number of control system
These include neural and mechanical systems, ssch a
those involved in the control of erect posture dodly
movement, as well as many chemical systems, such as
those controlling the level of blood glucose aneé th
regulation of arterial blood pressure. Most of thes
systems are negative feedback control systems where
can identify control actions that tend to reduce or
eliminate deviations of the system output from nalrm
levels. For example, a high concentration of bloathon
dioxide stimulates pulmonary ventilation in an atpt to
restore the concentration back to normal levelan&o
systems, however, contain elements of feedforward

operation, as has been proposed by some investgato
modelling the respiratory control system duringreise.

Due to their complexity, the systems of the humadyb
have become a focal point for much activity involyi
computer-based modelling and simulation. Traditiona
linear control theory also provides a useful framsw
within  which to discuss physiological control
mechanisms, but detailed quantitative investigatain
most of these systems requires the use of compatard
methods. Engineering control systems usually operaa
more or less linear fashion under normal conditiand
have identifiable and known set point values.
Physiological systems, on the other hand, rarels feny
identifiable set points and the normal steady-state
operating condition results from nonlinear intei@ts
between elements arranged in series and, in soses,ca
multiple closed loops. Among the objectives of nitilg
work of this kind is the testing of hypotheses &bou
physiological systems, the analysis of dysfunctiaris
various kinds or the investigation of diseased dtonb.

Interest in modelling in the case of exercise piiggly
includes, for example, gaining a more complete
understanding of the mechanisms involved in thevaait
physiological systems, evaluation of different wges
for training in sports and rehabilitation and assesnt of
levels of medication and other forms of treatment.
Simulation and experimentation, used together, aften
provide valuable insight that is difficult to olntausing
experimental methods alone.

Although computer simulation techniques have been
widely used in modelling some aspects of the rasmiy
system in humans and in other mammals, little prsgr
appears to have been made in using these techniques
successfully in the study of the dynamic resporfsth®
respiratory system to exercise, especially for é@igh
exercise intensities when subsystem responsesatlypic
begin to lose their original proportionality agditize rise

of exercise work rate and associated functions. The



application of computer simulation techniques aotiol
system methods of analysis to respiratory control
dynamics in exercise has been confined largely to
statistical modelling of experimental data sets, Wwith
considerable success [1,2,3]. However, there has less
work on the application of such experimental madgll
methods to structural dynamic models based on ipatat
physiological control mechanisms. We therefore napite

to create a comprehensive dynamic model which is
applicable to cycle ergometry exercise in the ugrig
posture.

2. Modd Development

The respiratory system can be defined as a group of

organs involved in drawing oxygen into and removing
carbon dioxide out of the body or cells. Oxygen is
required to enable living cells to conduct aerobic
metabolism (or respiration) to obtain energy anthaa
dioxide is the waste product of the metabolism.
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Figure 1 The human respiratory system

In humans, the respiratory system consists of séver
organs. The nose or mouth, the trachea and thecliron
serve as the air passageidure 1). The lung with its
alveoli facilitates oxygenation of the blood with a
concomitant removal of carbon dioxide. The system
extends further to involve body tissues because
respiration, which utilizes oxygen and producesboar
dioxide, takes place in the body tissues. Withiims th
context, the heart plays a part in the respiragystem
because it drives the blood, which transporisad CQ
through the lungs and the body tissuEgggre 2). The
body tissues are particularly important when coersid)
the respiratory control system during exercise bsea
tissue respiration changes considerably in exercise
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Figure 2. Conceptual model of the human respiratory
system

2.1 Moded Structure

The structure of a model of the respiratory consyatem
during exercise is depicted iRigure 3. In the model,
blocks represent body compartments, thick linesesgmt
blood flow, thin lines represent controller stimtdi the
corresponding compartments, and dashed lines idica
which compartments are directly influenced by the
changes in work rates. Gas flows between the lung
compartment and the air are depicted using blochwnas,
where Q has a net flow into the lung and €@as a net
flow out of the lung. It should be noted that witthis
structure the representation for the blood flowween
the lung and the heart has been simplified withotllo
being shown as flowing from the mixed venous
compartment to the lung and the heart.

Blocks with the letter D represents time delay &ats.
Venous blood is assumed to have delay elements but
arterial blood has none.

The muscle compartment represents the muscles that
perform the exercise. Hence muscles that do not
participate in the exercise, and all body tissuberothan
muscle, are lumped together as the other tissues
compartment.

A change in exercise work rate will directly affeitte
muscle, other tissues, cardiac controller and latiuth
controller. An increase in work rate will raise thriscle
O, extraction and its lactate production. At the dnse
exercise, by the time £extraction reaches a steady state
level, the energetic (or ATP) requirement is fidfi
anaerobically so lactate production at this peigdigh.
The increase of work rate, as well as the incrégadéood
lactate concentration, raises the lactate consompbi
other tissues. The work rate also has a positiyEanon
ventilation and on the cardiac controller, wherehg



lung will increase ventilation and the heart wilciease
cardiac output.
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Figure 3 Structure of the Respiratory System M odel

As illustrated inFigure 3, work rate is the only stimulus
included within this representation of the human
respiratory system during exercise. The behaviolur o
certain variables from compartments that are direct
affected by work rate has to be pre-defined. Those
variables include the muscle oxygen consumptigo (.

ventilation (Ve ), and cardiac outputy).
2.2 Model Equations
2.2.1. Arterial partial pressure

In the artery, the partial pressures of oxygen eautbon
dioxide are calculated using the following equadif¢h,5]:

paco, =863 D/CO; n
VE [{L- VD/VT)
Pa0, =147 - 203/9, @

VE[{1-VD/VT)

where PaC@and Pa®@are the arterial partial pressures of
CO, and Q, respectively, vco, is pulmonary CQ
output, vo, is pulmonary @ uptake, VE is the
ventilation, and VD/VT is the ratio of dead spacdume

to tidal volume. The ratio VD/VT is assumed to chpan
hyperbolically in accordance with the equation:

VD/VT = 0'3578 +0.1482 3)

which represents an approximation based on thengralp
analysis of an experimental result presented in [6]

2.2.2. Blood gas storage

The relationship between blood, Qartial pressure and
content follows Kelman's equation [7] and the
relationship between COpartial pressure and content
follows the algorithm described in [8].

2.2.3. Blood pH

The arterial and mixed-venous pH is calculated gisin
Siggaard-Andersen nomogram [9] which has been
adapted into a computer algorithm by researchen fie
University of Prague [10].

2.2.4. Blood flow

The response of cardiac outpup)( to an increase in
exercise load has two phases [11,12,13]. The ifiigal
phase (denoted as phase 1) is short and fast espires

the vascular vasodilation and the pumping effect of
muscular contraction and relaxation. The fundamenta
phase 2) component represents the response of the
vascular system to fulfil the increasing demandeinms

of energy during exercise. The characteristicsath lihe
fundamental and initial component have been assumed
be of first-order exponential form. Therefore, twrdiac
output response has been modelled as a sub-system
consisting of two linear ordinary differential edioas

and an algebraic equation and is described matieatiat

as:

T, QT(tD +Q,(t) =0.05 MWR

Qi (1)
dt

Q(t) = Qm + Qi(t) + Qf (t)

T, =L +Q, (1) =005 [(L-p) WR (2™ @

whereQy, is the base line value of cardiac output, (i.e. th
cardiac output before the exercise work load isliagp

WR is the work rate (W), TDandt are the time delay (s)
and time constant (s) of the response components
respectively, and subscripts i and f denote tha th
corresponding variables are for the initial and
fundamental components respectively. The initial
component in the system response relates to the fas
changes within the first few seconds (typically gp
which occurs immediately after the onset of exercighe
constant represents the relative magnitude of the initial
component compared to the magnitude of the
fundamental component.

It is assumed that all increase of cardiac outpuing
exercise goes to the muscle and therefore blood fito
the other tissues is constant.

2.2.5. Oxygen consumption

The pulmonary oxygen uptakey,) exhibits a three-

phase response against a step increase of exeftise.
initial response component (or phase 1) duringfitst
seconds of exercise is “cardiodynamic” which metiuas

it is due to the rapid increase of cardiac outi4f.[ The
fundamental component (or phase 2) is first-order
exponential. The late slow component (or phases3) i



observable during exercise in the heavy intensityain
[15].

The fundamental and slow component b, are

assumed to originate from the exercising musclee Th
change in oxygen extraction of the musd&y6,) has

been modelled using two ordinary differential egua
together with an algebraic equation. One of the
differential equations represents the fundamental
component while the other describes the slow compbn

d(AQO :
Tf%%@oz)f =G, WR

(5)

Tsid(ﬂ?fz)s +(8Q0,), =G, WRI\ @™

AQOZ = (AQoz)f + (AQoz )s

where WR is the work rate (W), G, TD and are the
gain, time delay (s) and time constant (s) of fgo,

components respectively, and subscripts f and iesept
variables for fundamental and slow component
respectively. The constahtis defined as:

A =0 for WR(t) <= LT

A =1for WR(t) > LT

where LT is lactate threshold. The actual valug)of is
obtained by adding the base line valge,n to the
variable Ago,in Equation (5). The increase @jo, is
subject to limitation so that the muscle venoysc@ntent
does not drop below zero (or below a certain leviech
effectively limits muscle @ extraction). The slow
component emerges after a delay of about 2 — 3tesnu
after the lactate threshold is passed.

Note that lactate threshold defines the exercisek wate
beyond which exercise would cause lactate ionsatid ®
accumulate in the blood. This accumulation maylesett
down at a steady state level above the value tbramay
continue to increase until the subject suffers astian.
Lactate threshold is also the marker to partitizareise
intensity into the moderate and heavy domains it ithe
heavy domain that the slow component of oxygen
consumption starts to emerge.

2.2.6. Lactate metabolism

Lactate production and utilization takes place he t
muscle compartment and in the other tissues compait
and the circulatory system serves purely as thespart
agent. The following equation applies for the mascl

compartment:
M% =PMLa-UMLa+OM[{Cala-o,, [CMLa) (6)
where \, is the effective volume of the muscle

compartment, CMLa and Cala are lactate concentrstio
in the muscle compartment and in the blood artery
respectively, PMLa and UMLa are the production and

utilization of lactate in the muscle compartment
respectively, oM is muscle blood flow. A similar
equation applies for the other tissues compartment.

The derivation of Equatiori6) is based upon the mass
balance principle [16]. Lactate transport into and of
the body tissues depends on a mechanism calledrprot
lactate co-transport and is represented as the téaim on
the right hand side of the equation. The quamtityin the
equation is the blood tissue partition coefficieiolr
lactate. This partition coefficient represents haowch
lactate can be transported between the blood aap#éind
the relevant compartment and, in this case, is lefua
CvMLa/CMLawhere CvMLa is the lactate concentration
in the muscle venous blood.

In the muscle compartment, lactate production iate
dependent on the discrepancy between the energy
requirement represented by the work rate and tleeggn
provided by aerobic catabolism. In the muscle athro
tissues compartment, lactate utilization is depahds
lactate concentration in the corresponding compamtm

2.2.7. CO, production and storage

Carbon dioxide production in the steady state dwrdis
often expressed for the whole body as the respirato
exchange ratio (RER) and for body tissues as the
respiratory quotient (RQ). These quantities represiee
molar ratio of CQ produced to the Oconsumed by the
body or tissue. In our model, both the RER andRfgeat
rest are assumed equal to 0.75. During exercissclmu
RQ is set at 0.9.

Muscle has the capacity to store carbon dioxide taed
amount of CQ stored has been assumed to increase
linearly with muscle C@ production ¢co,). However,

this variable is reduced by a buffering mechanishenv
the muscle suffers acidosis. This reduction hasnbee
assumed to be linearly related to the muscle lactat
increase. Therefore, the model for muscle, p@duction
has two algebraic terms, one that is caused byratism
and another that is produced by the buffering meisha

pHEE02): 1 (agc0,), =200, RQ

(6qco,), =pH2t) ™
AQCO, =(AQCO,), +(AQCO,),

where p represents the time constant of the linear, CO
storage dynamics due to gProduction3 represents the
amount of CQ released due to the buffering mechanism
and subscript r and b indicate the respiratory, CO
production and buffering components, respectively.




2.2.8. Mixed venous blood

The concentration of oxygen in the mixed-venoustlo
entering the lung is expressed in terms of cona#otrs

in venous blood leaving the muscle and other tissue
compartment after a fixed delay time:

CvO,(t) = %(QM [CVMO, (t - TD) + QOT [CvOTO, (t - TD)) (8)

where CvQ is the mixed-venous L£concentrationQ is

the cardiac outputom and QoTt are the blood flow
through muscle and other tissues, respectively, GyM
and CvOTQ are the oxygen concentration in muscle and
other tissue venous blood, respectively, and TDhes
delay representing the time taken for blood to pass
through the venous pathway.

Similar expressions apply for mixed venous ,Cé&nd
mixed venous lactate concentration.

2.2.9. Control of ventilation

The steady state increase of ventilation in the ehdsl
related to the arterial lactate concentration devs:
AVE_ =yWR+¢ [AlLa 9)
where WR andALa are work rate and the change of
arterial lactate concentration, respectively grmhd¢ are
proportionality constants. The temporal pattern of
ventilation for a step increase of exercise is agih and
is described by the following equations:
T, %{(t) +AVE,(t) = u[AVE

AVE, (1)
T, ——

dt

AVE(t) = AVE,(t) + AVE, (1)
Equation (10) has a structure that is similar te th
response for cardiac output (see section O for ingaof
several symbols).

+AVE, (t) =(1-p) [AVE_, @™ (10)

2.3. Model parameters

Table 1 displays parameter values as they are insta
model. Fundamental time constants fo; ptake and
ventilation and the time constant of muscle CO2agte
are selected such that the time constantsvtey, vco,

and VE are in ascending order, which corresponds with
results found in many investigations [11,17,18,14].

Table 1. Parameter valuesthat are used in the model.
Seetext in Section 0 for meaning of symbols.

Parameter Unit Value
TD¢ S 21
Muscle oxygen consumption

Ts S 32

Ts s 150
LT Watt 125
G - 10

Gs - 4.5
TDs s 180
Muscle CO2 storage

P - 50

B - 0.8
RQ - 0.9
Lactate metabolism

Vu litre 8.1
OLa - 0.55
Vor litre 26.17
Mixed-venous blood

TD S 16
Ventilation

y - 0.1575
) - 13

T S 4

T S 49

u - 0.17
TD¢ S 21
Other assumptions

Body temperature (T) °C 37
Barometric pressure (PB) mmHg 760

3. Simulation Results

The model has been tested using an incrementatiszer
stimulus of 30 W/minute from the base line of uded
exercise. The simulation results are compared tith
experimental results presented in [19] and botbligsre
depicted in the figures below.

Parameter ‘ Unit | Value
Blood flow

Ti S 4

Ts S 15

u - 0.66
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Figure 4. Simulation result for blood O, content in Figure 6. Changesin CO, partial pressure during
artery (blueline) and mixed-venous (red line); square incremental exercise.

and circle points are experimental resultsfor O,
content in artery and mixed-venous, r espectively (as
presented in [19]); dashed line denotesthe time when 4. Discussion
lactatethreshold (L T) is passed.

Under rest conditions, the control of breathingvesrto

Figure 4 compares the time histories of blood €ntent maintain the arterial COand Q partial pressures within
in the artery and mixed-venous pathway from sinmoitat normal homeostatic levels, typically about 40 mmfidg
and experiment. The&ontent difference of the two sites PaCQ and 100 mmHg for PaOTwo groups of receptors
indicates how much Ois extracted and utilized in the are active within this feedback control system:tcgrand
exercise.Figure 5 shows the blood COcontent in the peripheral chemoreceptors. Central chemoreceptotse
artery and mixed-venous pathway and this indichtes surface of the medulla are sensitive to the paptiassure
much CQ is stored in blood. The G@ontent difference of carbon dioxide (PC£ and the acidity (pH level). This
also indicates how much QC% prOduced and released group of sensors is responsib|e for driving 70 9080f
during exerciseFigure 6 shows the arterial and mixed the ventilation. When the subject inhales 100% exyg
venous CQ@partial pressure. The G@artial pressure and the respiratory controller produces a level of itation
CGO, content indicate the level of metabolic acidodithe that exhibits linearity to PaGO[20]. The peripheral
corresponding blood vessels. chemoreceptors, which lie in the carotid bodiess ar

sensitive primarily to an increase in PaC@ decrease in
arterial pH or a decrease in PRa®his group of sensors is
responsible for driving 20 — 30% of the steady estat
ventilation at rest.

a0

3

26

% 24 It is clear that ventilation under rest conditiomns
pot controlled by a multiple input single output regaly
g feedback control system. In exercise condition, éwew,
E - there has been no general agreement on which oesept
= : : play a significant role in controlling ventilatiof21].
1] O an ------- - - During moderate exercise, arterial pH, RGDd PQ are
o a :“;’;ﬁ?:ﬁ””g's”“ : : : essentially unchanged so those quantities areikedy tto
[| — mixedwenous.sim | ¢ cause the large changes of exercise ventilatioerobd
14 . T : : ; experimentally. Extensive researches have been
o z 4 B 8 10 conducted to discover chemoreceptors in potential
Time (minute)

locations such as the exercising muscle and pulmona
blood vessel but these efforts have been largely
unsuccessful.

Figure5. Simulation result for arterial (blueline) and
mixed-venous (red line) blood CO, content

Without a clear mechanism that can explain vemtilat
control response during exercise, mathematical ttinge
of ventilation controller may only be conducted by
introducing relationship between hyperpnoea (the
increase of ventilation) and the changes of ventia



variables or biochemical quantities in the blooiyrthat
have a high statistical correlation. These varstded
quantities include the pulmonary g@roduction {co,),

arterial potassium concentration and lactate anion.

In the steady conditions of exercise below lactate
threshold, ventilation was found to be linearlyatet to
pulmonary CQ production [22]. Above lactate threshold,
this relation still holds until a point of respioay
compensation where ventilation changes more rerbrka
[14,23]. Arterial potassium concentration (Ka+) has
very high correlation with ventilation so that Kdias
been strongly suggested as an agent that stimulates
exercise hyperpnoea [24,2], although the pattern of
change of Ka+ cannot account for the phenomenon of
ventilatory threshold [25].

Beside arterial potassium concentration, lactateoran
level may have a role in control of ventilation gy
strenuous exercise [1] where arterial lactate cotnagon

has a significant correlation with ventilation [Z].he
second term of Equatiof®) has been introduced on this
basis and takes effect when the arterial lactate
concentration is high, i.e. during strenuous esexci

Another approach may also be considered, with
ventilation being calculated on the basis of thange of
work rate. This approach appears to be equallydviali
the absence of a convincing hypothesis concerrtileg t
real control mechanism of exercise hyperpnoea. fifse
term of Equation(9) described in section 2.2.9 has been
developed following this approach and the term will
correspond to the magnitude of produced,dDthe
system attains steady state. Equat{ep and Figure 3
suggest that the ventilation during exercise isaagptly
regulated in an open loop fashion.

The model is able to reproduce the general behawdbu
many variables of the system including the pulmgnar
oxygen uptake o, ), pulmonary CQ output (vco,) and
blood G and CQ partial pressures. Quantitative
assessment of the model is carried out by compaheg
system response in terms of output variables geatbizy
simulation with the corresponding time histories of
measurements obtained experimentally.

The simulation results appear broadly satisfactorthat
several variables show similar trends with experitak
results with a few variables showing deviations if
examined on the basis of point by point values. rEseilt
for blood Q content Figure 4) is very realistic
suggesting that the model estimates musglexX@raction
(andvo,) very well. The simulation result for GO

content Figure 5) is close to the experimental result
except at a few points where isolated experimerghles
appear to be in error or the simulation has diverdée
results suggest that the model is able to prebatthlood
CO, storage will increase slightly during exercisedvel

the LT but will decrease significantly above the. [dThe
model is, to some extent, able to estimate the poary
CO; output.

The simulation result for PGQFigure 6) is close to the
experimental result at many points below the LT but
shows deviations at points above the LT. This tesul
suggests that for moderate exercise (below the th&)
model mimics the behaviour of the real system lout f
heavy exercise, the model needs further improvement
This improvement may involve the respiratory system
model, or the controller, or both. Simple functicssd
conventional forms of model may not be sufficiemt &n
adequate description of the controller. It is plolesithat
approaches based on fuzzy logic might show advestag
in this application. For the respiratory model, ther
study and experimentation is needed to increase our
understanding of the behaviour of the respiratystesm
above lactate threshold. For example, experimerds a
needed to obtain consistent sets of data relator vate,
arterial lactate concentration, blood gas conteantsl
partial pressures and pulmonary exchange rate tner
whole range of exercise conditions.

It is worth noting that the model has a large numife
variables and parameters. The model formulation and
parameters have been obtained from many published
sources involving data obtained from many different
subjects in different conditions and using différen
experimental methods. This poses problems because a
model or a parameter value that is valid for oteasion
may not be valid in other conditions. Ideally, tié data
should be acquired from a single set of experiments
carried out using consistent conditions using déffié
subjects. Although such data are currently notlakb,
efforts are made to achieve this ideal or at leaprovide
experimental data sets that include more variabidsn

a single experiment. It is also important to enstimat
sufficient data are available to allow the datebéosplit
into data sets used for model development and a&par
data sets used for external validation of the modatil

that final target is achieved, we may always exgect
have imperfect respiratory system models where the
simulated response shows significant inconsistengieh
experimental results.

5. Conclusions

A model of the respiratory control system during
incremental exercise has been described and the
simulation results demonstrate interesting sintiEsi
with data obtained experimentally. Several variabdé

the simulation model show a very good responseewhil
some others have deviations. The model structure
suggests that the control of ventilation is based o
negative feedback for rest conditions but appeatsetin
open loop mode during exercise conditions. Control
ventilation in exercise is dependent on at leasp tw



variables. One variable is proportional to the wate or
to the steady state of pulmonary C@Qutput and another
variable is proportional to arterial lactate cortcation
which resembles blood acidity or the level of eissc
metabolic acidosis.

To obtain a better model, improvement can be iniced
to the controller or modifications can be made le t
respiratory system plant model itself. For the oulidr it
might well be useful to consider incorporating sdioen
of fuzzy controller. For the respiratory model, mor
studies and experiments are needed in order tdnohta
larger and more useful data set from a single fofm
experiment.

References

[1] Hardarson, Thorir, Skarphedinsson, Jon O., and
Sveinsson, Torarinn, Importance of the lactate ranio
control of breathing,Journal of Applied Physiology,
84(2),1998, 411-416.

[2] McCoy, M. and Hargreaves, M., Potassium and
ventilation during incremental exercise in trainadd
untrained men Journal of Applied Physiology, 73(4),
1992, 1287-1290.

[3] Casaburi, R., Barstow, T. J., Robinson, T., and
Wasserman, K., Influence of work rate on ventilatand
gas exchange kineticslournal of Applied Physiology,
67(2) 1989, 547-555.

[4] B.J. Whipp, The control of exercise hyperpnogg,
B.J. Whipp,The control of breathing in mafManchester
University Press, Manchester, 1990) 87-118.

[5] B.J. Whipp, Breathing during exercise, in A.P.
Fishman,Fishman's Pulmonary Diseases and Disorders
(McGraw-Hill, New York, 1998) 229-241.

[6] Wasserman, K., Van Kessel, A. L., and BurtonG5,
Interaction of physiological mechanisms during eiss,
Journal of Applied Physiology, 22(1)967, 71-85.

[7] Kelman, G. Richard, Digital computer subroutifoe
the conversion of oxygen tension into saturatitoyrnal

of Applied Physiology 21(41966, 1375-1376.

[8] Douglas, A. R., Jones, N. L., and Reed, J. W.,
Calculation of whole blood CO2 contenlpurnal of
Applied Physiology, 65(1}1,988, 473-477.

[9] Andersen, O. Siggaard and Engel, K., A new acid
base nomogram an improved method for the calculatio
of the relevant blood acid-base dat8candinavian
Journal of Clinical and Laboratory Investigation2(®),
1960, 177-186.

[10] Kofranek, Jiri, Matousek, Stanislav, and Auidrl
Michal, Border flux balance approach towards madgll
acid-base chemistry and blood gases transgembc.
Eurosim Conf. on Computer Modelling and Simulation
Slovenia, 2007.

[11] Lador, Frederic, Azabji Kenfack, Marcel, Moia,
Christian, Cautero, Michela, Morel, Denis R., Cépel
Carlo, and Ferretti, Guido, Simultaneous deternomabf
the kinetics of cardiac output, systemic O2 deliyemd

lung O2 uptake at exercise onset in menJP -
Regulatory, Integrative and Comparative Physiology,
290(4) 2006, R1071-R1079.

[12] Saunders, Natasha R. and Tschakovsky, MicBEgel
Evidence for a rapid vasodilatory contribution to
immediate hyperemia in rest-to-mild and mild-to-
moderate forearm exercise transitions in humaosrnal

of Applied Physiology, 97(32004, 1143-1151.

[13] MacDonald, Maureen J., Shoemaker, J. Kevin,
Tschakovsky, Michael E., and Hughson, Richard L.,
Alveolar oxygen uptake and femoral artery bloodwflo
dynamics in upright and supine leg exercise in mana
Journal of Applied Physiology 85 (1998) 1622-1628.

[14] Whipp, B. J. and Ward, S. A., Cardiopulmonary
coupling during exercise,Journal of Experimental
Biology, 100(1) 1982, 175-193.

[15] Whipp, Brian J., The slow component of O2 keta
kinetics during heavy exercis®edicine and Science in
Sports and Exercise, 26(11994, 1319-1326.

[16] Cabrera, Marco E., Saidel, Gerald M., and Ildalh
Satish C., Lactate metabolism during exercise:ysimby
an integrative systems modelAJP - Regulatory,
Integrative and Comparative Physiology, 277(2999,
R1522-R1536.

[17] De Cort, S. C., Innes, J. A., Barstow, T.ahd Guz,
A., Cardiac output, oxygen consumption and
arteriovenous oxygen difference following a suddise

in exercise level in human3he Journal of Physiology
Online, 441(1)1991, 501-512.

[18] Whipp, Brian J., Ward, Susan A., Lamarra, Narm
Davis, James A., and Wasserman, Karlman, Paranedters
ventilatory and gas exchange dynamics during eserci
Journal of Applied Physiology, 52(6)982, 1506-1513.
[19] Sun, Xing Guo, Hansen, James E., Stringer|iail
W., Ting, Hua, and Wasserman, Karlman, Carbon dmxi
pressure-concentration relationship in arterial ariged
venous blood during exerciseJournal of Applied
Physiology, 90(5)2001, 1798-1810.

[20] Ward, Susan A., Physiology of breathingsyrgery,
22(8), 2004, i-v.

[21] Ward, Susan A., Physiology of breathingSurgery,
22(9), 2004, 230-234.

[22] Davis, James A., Whipp, Brian J., and Wasse;ma
Karlman, The relation of ventilation to metaboliate
during moderate exercise in maBuropean Journal of
Applied Physiology,44(2)1980, 97-108.

[23] Rausch, S. M., Whipp, B. J., Wasserman, Kd an
Huszczuk, A., Role of the carotid bodies in thepnegory
compensation for the metabolic acidosis of exeraise
humans,The Journal of Physiology Onlind44(1) 1991
567-578.

[24] Paterson, D. J., Potassium and ventilatioexercise,
Journal of Applied Physiology, 72(3)992, 811-820.

[25] McLoughlin, P., Popham, P., Linton, R. A., Bey

R. C., & Band, D. M., Exercise-induced changes in
plasma potassium and the ventilatory threshold anm
The Journal of Physiology Online479(1) 1994, 139-
147.



	citation_temp.pdf
	http://eprints.gla.ac.uk/66888/


