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Abstract

Oct 2010

Human breath contains a myriad of endogenous volatile agampounds (VOCs) which are reflective of ongoing metaboti
physiological processes. While research into the diagnpstential and general medical relevance of these tra®esga conducted
on a considerable scale, little focus has been given so fastand analysis of thguantitativerelationships between breath levels
~——and the underlying systemic concentrations. This papegvsted to a thorough modeling study of ted-tidalbreath dynamics
E associated with isoprene, which serves as a paradigmatinpe for the class of low-soluble, blood-borne VOCs.
Real-time measurements of exhaled breath under an ergoohetbenge reveal characteristic changes of isopreneubirtp
Qresponse to variations in ventilation and perfusion. Harealid compartmental description of these profiles is dgyed. By
O comparison with experimental data it is inferred that thgompart of breath isoprene variability during exerciseditions can be
5 attributed to an increased fractional perfusion of posdrgiorage and production sites, leading to higher levelsigédvenous
. blood concentrations at the onset of physical activityhia tontext, various lines of supportive evidence for amadhepatic tissue
O source of isoprene are presented.
Our model is a first step towards new guidelines for the brgasranalysis of isoprene and is expected to aid furthertigat®ns
— regarding the exhalation, storage, transport and bidivamstion processes associated with this important comgou
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O 1. Introduction Within the framework sketched above, the success of us-

— . . ing VOC breath concentration profiles for tracking endogeno

O 1.1. Breathgas analys!s and mo-delmg . processes will hinge on the availability of adequate plalsie-

_F! Human breath contains a myriad of endogenous volatile orgrintions for the observable exhalation kinetics of thegrgas

~ ganic compounds (VOCs), appearing in the exhalate as a rgmger scruting. Some major breath constituents have giread

'>2 sult of normal metabohc_z_:\ctl\_/lty or pathological disorsler peen investigated in this form, e.g., during exercise diom

o The dfetectlon and quantification of_ these trace_gasgs Seergs exposure scenariokifg et al, 2010h Mork and Johansgn

(g to fulfill all the demands and desires for non-invasive in-00g Anderson et aj. 2003 Kumagai and Matsunag200Q
vestigation and has been put forward as a versatile tool fopjej| et g, 2009. Nevertheless, VOC modeling remains a
medical diagnosis, biomonitoring of disease and physiolg  challenging task due to the multifaceted impact of physio-
function or assessments of body burden in response to medgical parameters (such as cardiac output or breathing pat
cation and environmental exposurénfann and Smith2005  {erns Cope et al.2004) as well as due to the sparse and of-
Amann et al.2007 2004 Buszewski et a] 2007 Rieder etal.  (en conflicting data regarding potential sources or sinkaioh
2001 Miekisch and Schuber2006 Pleil, 2009. With the ad-  gypstances in the human body. This paper will be devoted to
vent of powerful new mass spectrometric techniques over thg thorough study of thend-tidalbreath dynamics associated

last 15 years, exhaled breath can nowadays be measured @i, jsoprene, which ranks among the most notable compounds
a breath-by-breath resolution, therefore rendering breas  si,died in the context of breath gas analysis.

analysis as an optimal choice for gaining continuous inform
tion on the metabolic and physiological state of an indigidu

1.2. Isoprene: a survey on physiologically relevant facts

*Corresponding author. Tek:43 676 5608520; fax+43 512 504 6724636. Isoprene, al_so known as Z'methyl'lﬁ'bUtadi_ene (CAS num-
Email addressanton. amann@oeaw. ac.at (Anton Amann) ber 78-79-5), is an unsaturated hydrocarbon with a molasmas
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of 68.11 gmol and a boiling point of 34C. Isoprene is the 2007. Despite this huge potential, isoprene breath tests have
most abundant biogenic hydrocarbon emitted by the earth’sotyetreached the level of routine clinical methods andstile
vegetation and it is also the major hydrocarbon that is eedog under development. This is partly due to the fact that drgwin
nously produced by mammal&élmont et al. 1987). Its pri-  reproducible breath samples remains an intricate taskréhat
mary source in man has been attributed to the mevalonate patfuires further standardization. Furthermore, the degisiech-
way of cholesterol biosynthesiBéneris et a].1984. Originat-  anisms driving systemic and pulmonary gas exchange afe stil
ing from acetyl-CoA, mevalonate is transformed into dingeth poorly understood.

lallyl pyrophosphate (DMPP). Subsequently, isoprene aan b Isoprene concentrations in exhaled human breath exhibit a
derived from DMPP via an acidic decomposition demon-large variability. In children and adolescents, isoprere e
strated to occur in the cytosol of hepatocytes from rat livercretion in breath appears to increase with ageuther et a.

in vitro (Deneris etal. 1984. However, whether this final 1997 Smith et al, 2010 (with undetectable or very low lev-
non-enzymatic pathway prevails in the formation of isogren els in the breath of neonatddé€lson et al. 1998), until reach-
under physiological conditions continues to be a controvering a gender- and age-invariant end-tidal nominal value of
sial issue. As has been suggested by several authors, about 100 ppb (approx. 4 nnjbat standard ambient pressure
enzymatic step might catalyze the conversion of DMPP taand temperature) characteristic for adults under restimglie
isoprene in humansStone et al. 1993 Miekisch et al, 2004  tions (Kushch et al.2008. Apart from the factors indicated in
Taucher et a).1997), similar to the isoprene synthase reactionthe previous paragraph, a number of additional clinicaldton
seen in the chloroplasts of plants and tre8gvér and Fall  tions and external influences have been reportedfexiaiso-
1995. In this context, possible extrahepatic sites of iso-prene output, including renal dialysi€4podicasa et al1999
prene production remain to be elucidated. MetabolizatiorR007 Lirk et al., 2003, heart failure cGrath et al. 2007,

of isoprene in mammals primarily rests on epoxidation bysleegsedation Cailleux and Allain 1989 Amann et al.2005
cytochrome P450-dependent mono-oxygenabéen({e etal,  and exerciseKarl et al, 2002, King et al, 2009. However,
1985 Watson et al.2001), whereby significant speciesfiiir-  the physiological meaning of these changes has not been es-
ences can be observefiler et al, 1996 Csanady and Filser tablished in sfficient depth.

2001 Bogaards et al200]). In particular, bioaccumulation in Isoprene can be regarded as the prototype of an exhaled
man has been investigated within the framework of toxicelog breath VOC exhibiting pronounced rest-to-work transiion
cal inhalation studiesHlser et al, 1996. in response to physical activityKarl et al, 2001, King et al,

Due to its volatility and low #inity for blood (as reflected 2009 Turner et al.2006§. We recently demonstrated that end-
by a small blood:gas partition cfiient of 1,5y = 0.75  tidal isoprene abruptly increases at the onset of mode raitie-w
at body temperatureF{lser et al, 1996 Karl etal, 2001)), load ergometer challenges at 75 W, usually by a factor of

isoprene is highly abundant in human breath and accoun@bout 3—4 compared with the steady state value during rest.
for up to 70% of total hydrocarbon removal via exhala-This phase is followed by a gradual decline and the devel-
tion (Gelmont et al.1981). Furthermore, it can relatively eas- opment of a new steady state after about 15 min of pedal-
ily be quantified using a variety of methodologically distin ing (King et al, 2009, see also Figl. Since endogenous iso-
analytical techniqueskushch et al. 2008 Ligor et al, 2008 prene synthesis as discussed above has been attributetthio pa
Miekisch and Schuber00§ Turner et al. 2006 King etal,  ways with much larger time constants, common sense suggests
2010a. Apart from being a convenient choice in terms of mea-that the aforementioned rise in isoprene concentratiootidue
surability, breath isoprene has received widespreadtatteimn  to an increased production rate in the body, but rather stems
the literature due to the fact that it may serve as a sensitie ~ from changes in hemodynamics or changes in pulmonary func-
invasive indicator for assaying several metabotteets in the tion. In this sense, isoprene might also be thought of assi-sen
human body (seeSalerno-Kennedy and Cashman05 foran  tive marker for quantifying fluctuations in blood and regpary
extensive review). flow.

Most notably, being a by-product of cholesterol biosyn- With the background material of the previous paragraphs in
thesis as outlined above, breath isoprene has been put fanind, we view isoprene as a paradigmatic example for the ana-
ward as an additional diagnostic parameter in the care disis of low-soluble, blood-borne VOCs, even though it aainn
patients stfering from lipid metabolism disorders such as cover the whole spectrum offtiérent physico-chemical char-
hypercholesterolemia. The fact that cholesterol-longedrugs  acteristics. The emphasis of this paper lies on examiniag th
reduce isoprene output confirms the in vivo relevance ophysiological processes underlying the above-mentiomedt p
this (Stone et al. 1993 Karl etal, 200)). Moreover, inter- shaped response efid-tidalisoprene at the onset of exercise by
esting relationships between the mevalonate pathway andkeveloping a mechanistic description of the observablalexh
cell proliferation as well as DNA replication have been dis-tion kinetics in normal healthy volunteers. The physicadelo
covered Galerno-Kennedy and Cashm&005 Riederetal. to be presented here aims at yielding further insights ihéo t
2001 Fritz, 2009 Brown and Goldstein1980. Further evi- flow and distribution route of isoprene in various parts & th
dence points toward a strong linkage of breath isoprene leiuman body. Such a quantitative approach is imperativesfor a
els to diferent physiological states, thus promoting its generasessing the relevance and predictive power of extracteattore
use in biomonitoring, e.g., during sleep or in an intraopeea isoprene concentrations with respect to the endogenauss sit
setting Amann et al. 2005 Cailleux et al, 1993 Pabstetal. tion and is expected to enhance the fundamental underaandi
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of the physiological role of isoprene in a variety of expeginal Variable Symbol Nominal value (unitsb

scenarios. Cardiac output Q: 6 (I/min) (Mohrman and Heller2006)
Alveolar ventilation Va 5.2 (min) (West 2005
Isoprene concentration Cpeas 4 (nmofl) (Kushch et al.2008

2. Experimental basics
Table 1: Summary of measured parameters together with somaal values

during rest, assuming ambient conditions; breath conagoms refer to end-
tidal levels.

2.1. Setup

End-tidal isoprene concentration profiles are obtained by
means of aeal-timesetup designed for synchronized measure-
ments of exhaled breath VOCs as well as a number of res-
piratory and hemodynamic parameters. Our instrumentation
has successfully been applied for gathering continuoua dat
streams of these quantities during ergometer challengeslas
as in a sleep laboratory setting. These investigations aim a
evaluating the impact of breathing patterns, cardiac dutpu 2-2. Recentresults and heuristics
blood pressure on the observed breath concentration and per
mit a thorough study of characteristic changes in isoprere o
put following variations in ventilation or perfusion. Wefee
to (King et al, 2009 for an extensive description of the techni-
cal details as well as for the various protocols under styuti

In brief, the core of the mentioned setup consists of a head
mask spirometer system allowing for the standardized extra
tion of arbitrary exhalation segments, which subsequeartty
directed into a Proton-Transfer-Reaction mass spectemet
(PTR-MS, lonicon Analytik GmbH, Innsbruck, Austria) for-on
line analysis. This analytical technique has proven to lemais
tive method for the quantification of volatile molecular sigs
M down to the ppb (parts per billion) range by taking advantage
of the proton transfer

H30+ +M —> MH* + Hzo

from primary hydronium precursor ionsLi(dinger et al,

1998ah). Note that this “soft” chemical ionization scheme  Thig section serves to collect some experimental evidence
is selective to VOCs with proto_nﬂ‘mltles hlgher_ than water supporting the hypothesis of a peripheral tissue sourceasf i
(166.5 k_c_a/lmol),thereby precluding the protonation of the bulk prene formation in man, derived from dynamic breath con-
composition exhaled air, N 92 and CQ. Count rates of ontration measurements under exercise conditions. Tioe ra
the resulting product ion®1H" or fragments thereof appear- paje given here mainly builds on our earlier phenomenokdgic
ing at specified mass-to-charge rqmﬁz can subsequently be ¢y dies in King et al, 2009 and King et al, 20103. Com-
converted to absolute concentrations of the compound undgjiementary experiments will be indicated where approgriat
scrutiny. Specifically, protonated isoprene is detecteBTiR- A results are obtained in conformity with the Declaratioh

MS atm/z = 69 and can be measured with breath-by-breattyg sinki and with the necessary approvals by the Ethics Com-
resolution. For further details regarding quantificatio &he  ission of Innsbruck Medical University.

underlying PTR-MS settings used the interested reader-is re

ferred to Schwarz et a).2009 and King et al, 2009, respec-

tively. From the viewpoint of quality control, isoprene gmro-

files obtained with the setup described above have recesly b Investigating an ensemble of eight normal healthy volun-
cross-validated by means of manually extracted GC-MS santeers,King et al. (2009 recently demonstrated that isoprene
ples (using solid phase micro-extraction as a pre-conagaitr  evolution in end-tidal breath exhibits a very reproduciaitel
step) King et al, 20103. Table 1 summarizes the measured consistent behavior during moderate exercise scenarios. F
variables relevant for this paper. In general, breath cotnae  perspective, Figl shows typical results corresponding to a bi-
tions will always refer to end-tidal levels. An underlyingns-  cycle ergometer challenge of osmglevolunteer under a con-
pling interval of 5 s is set for each parameter. stant workload of 75 W with several periods of rest.



reasoningKarl et al.(200]) proposed a simple quantitative de-
scription of breath isoprene concentration time coursemdu
exercise, which is now widely accepted as “standard model”.
However, as has already been arguedHing et al, 2009,
their formulation is deficient in several regards. A priradip
criticism is that the model of Karl et al. essentially rel@s

a markedly delayed rise of alveolar ventilation with reggec
pulmonary blood flow, a premise which clearly contrasts expe
imental evidence (see, e.g., Fijas well as \Wagner 1992
Lumb, 2005). The onset of the ventilatory response to exercise
is instantaneous and may actually precede the latter {@gssi
being part of a learned response), so a delay as require@ abov
is highly unlikely. Consequently, when subjecting this rabd
to real data streams including measured profiles of pulmponar
blood flow Q. and alveolar flowV,, it fails to capture the ob-
served isoprene data, see Hg.

Further insights into the decisive component$eeting
breath isoprene excretion can be gained by comparing its dy-
namic behavior with the profiles of blood-borne VOCs ex-
pected to show similar exhalation kinetics. In this con-
text, it has recently been pointed out that breath con-
centrations of endogenous butane (considered to originate
‘ ‘ ‘ ‘ | from protein oxidation an@r bacteria production in the
0 10 20 [ﬁgﬂ 40 50 60 colon (Kharitonov and Barngs2002) during ergometer ex-

ercise resemble the trend anticipated from Equati@rB)(
while isoprene exhibits an entirely ftkrent qualitative re-
Figure 1 Typ_ical smoothed p'rofiles of end-exhaled isopremmx:entra'tions sponseKing et al, 20103. This is certainly counter-intuitive,
and physiological parameters in response to two-leggeohester exercise at . . L .
75 W. Data are taken fronK{ng et al, 2009 and correspond to onsingle &S butane is widely comparable with isoprene in terms of var-
healthy male volunteer (26 years, 72 kg bodyweight). Wattleegments are  i0us functional factors expected tdfect pulmonary gas ex-
shaded in grey. change (including, e.g., blood and tissue solubility ad asl
molecular weight).

Generally, starting from a steady state value of about In light of this discrepancy, it can be conjectured that some
4 nmoJl during rest, isoprene concentrations in end-tidal airunknown substance-specific (release) mechanism has to be
exerta pronounced peak at the onset of exercise (corresmpnd taken into account for capturing the exhalation dynamidsmf
to an increase by a factor of up to 4). This phase is followedrene. In order to restrict the number of potential tissueses
by a gradual decline and the development of a new steadfpr this dfect, in a series of auxiliary experiments the ergome-
state after approximately 15 min of pedaling. Interestingy  ter protocol sketched above was modified as follows. Instead
repeating this regime, the peak size after intermediatecesee  of pedaling with both legs, we orchestrated several ongdédg
breaks can be demonstrated to depend on the duration @forkload challenges on a standard ergometer, alternaghg b
the resting phase, despite almost identical profiles ofiaard ween left and right limb for doing the exercise. The heel ef th
output and alveolar ventilation. Full recovery of the iaiti non-working leg rested on a small chair placed beside the bi-
height requires about one hour of rest. A valid model for thecycle. Special care was taken to ensure a comfortable geatin
description of isoprene concentrations in end-tidal aousth  position of the volunteer so that any contractive movemént o
be able to faithfully reproduce this wash-out behavior. the resting leg for stabilization purposes could be avaidég:

hand rest of the ergometer was adjusted in such a way that the

The aforementioned peak shaped behavior of isoprene hasst subjects could maintain their torso in an upright pasit
mainly been attributed to its low blood:gas partition five throughout the measurement period, with both arms strdtche
cient Ap.air = 0.75. According to classical pulmonary inert A constant resistance of 50 W was imposed for the entire ex-
gas elimination theory (cfAppendix A), the low dfinity for ~ periment and pedaling cadence was maintained at 60 rpm.
blood implies a high sensitivity of the associated breath-co  In total, five normal healthy volunteers (age 27-34 years,
centrations with respect to changes in ventilation or perfu4 male, 1 female) were recruited and investigated in this. way
sion. More specifically, the basic Farhi equatién3) predicts  No test subject reported any prescribed medication or drug i
that, other factors being equal, increagiderreasing the alve- take. No special restrictions regarding pre-experimeiotad
olar ventilation will decreagancrease exhaled breath concen-intake were applied, as this variable seems to have a negligi
trations (due to increasgtbcreased dilution), whereas the re- ble fect on breath isoprene concentratio@mfth et al, 1999
lationship between breath concentrations and cardiaaibigp Kinoyama et al.2008. However, volunteers were required to
monotonic and reflects dependence on supply. Using similaiest at least 20 minutes prior to analysis due to the significa
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impact of physical activity as discussed in Sectlod Within  ticular, they open up a new line of supportive evidence for
this time informed consent was obtained regarding the expeperipheral production sites of isoprene as indicated in- Sec
imental protocol. Additional instrumentation and monitgr ~ tion 1.2 Furthermore, the common viewpoint that the breath

closely followed the general procedure reporteddmg et al, isoprene peaks characteristic for exercise conditionsnly
2009. Fig. 2 shows a representative experimental outcome fobe traced back to altered pulmonary gas exchange conditions
onesinglevolunteer. (resulting, for instance, from an impairment of cardiacpauit

and ventilatory driveKarl et al, 2001)) or local generation in

the respiratory tree (as in the case of NO release in the psahn
leg switch sinuses during hummind\eitzberg and Lundber@002) has
to be rejected. As will be discussed in the modeling secti@as
low, we attribute the observable wash-out behavior of isnpr
to an increased fractional perfusion of potential storagepao-
duction sites, leading to higher levels of tinéxedvenous blood
concentration at the onset of physical activity. While tkact
tissue groups involved in this process remain speculgivgsi-
ble origins might include the skeletal locomotor muscleshth
selves but also the walls of the vascular tree, both of which
receive a disproportionately high share of blood flow during
exercise. There are some indications in the literatureiizat
prene synthesis can play a role at these sitéigKisch et al,
2001 Brown and Goldsteinil980. However, further biochem-
ical investigations will need to clarify whether an appriaps
metabolic pattern exists in these extrahepatic tissues.
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3. Isoprene modeling

3.1. Preliminaries and assumptions

For the sake of maintaining a balance between tractabil-
‘ ‘ ‘ ‘ ‘ ity and suficient complexity of the model structure, we shall
0 5 10 15 20 25 30 adopt the usual compartmental approach in our attempts-to de
[min] scribe the end-tidal isoprene behavior outlined above.s Thi
approach consists in dividing the body into an ensemble of
Figure 2: Typical smoothed profiles of end-exhaled isopremecentrations  roughly homogenous tissue control volumes that are interco
and physiological parameters‘in response to one-leggesinetgr exercise at nected via the arterial and venous netwd?leddy et al.2005
50 W. Data correspond_ to orsngle hgalthy male voluntee_r (27 years, 75 kg Leung 1991 Gerlowski and Jain1983 Fiserova-Bergerova
bodyweight). Left and right leg exercise segments are shadight and dark ) - ) .
grey, respectively. 1983. Previously developed physiologically based descrip-
tions of isoprene pharmacokinetics in man and rodents can be
At the beginning, the qualitative response of end-tida iso found in (Filser et al, 1996 NTP, 1999 Melnick and Kohn
prene concentrations closely resembles the situatioreptes 2000 Bogaards et al200]). These mainly centered on quan-
in Fig. 1 for the two-legged case. After 10 minutes of pedal-tifying body burden in response to severe environmentabexp
ing with the left leg, followed by a resting period of 4 mingte ~sure (driven by concerns about the carcinogenic poterftisbo
a clear wash-outfeect becomes discernible, yielding a signifi- Prene anfbr its metabolitesNlelnick et al, 1994 NTP, 1999)
cantly lower peak height when continuing the exercise with t and hence often neglected the relatively small contriloutib
same leg. However, if the working limb is now switched to €ndogenous production to overall bioaccumulation. In restf
the right leg (after an intermediate break of 4 minutes as pehere we will mainly focus on the characteristics of isoprene
fore), an almost complete recovery of the initial peak siae c formation and distribution within specific body tissues end
be observed (cf. the time frame between 23 and 30 minutes iormal physiological conditions. Similarly to the modelemn
Fig. 2). On the contrary, it should be noted that the associateéoned above, two major aspects of isoprene exchange will be
rise in cardiac output and alveolar ventilation is of conaée  taken into consideration.
order within all three workload phases. These basic charact
istics could reliably be reproduced within the entire cotie ~ 3.1.1. Pulmonary gas exchange
of test subjects. In particular, consistent results araiobtl if Following a general premise of classical pulmonary inest ga
the leg switch is from right to left. elimination theory (sedppendix A), we postulate that uptake
Combining the aforementioned findings provides a clear hinand removal of isoprene takes place exclusively in the alveo
that breath isoprene levels during exercise are linked ¢allo lar region. In particular, any pre- and post-alveolar apsor
variations of gas exchange in peripheral tissue groupsatn p tion and release mechanisms occurring in the conductive air
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ways (e.g., due to interactions with the tracheo-brondhial and gz = 0.7 (which approximately corresponds to the
ing fluid (Anderson et aJ.2003 Anderson and Hlastal2007, fractional perfusion of both legs during bicycle exercige a
King et al, 2010h) are assumed to be negligible, which is 75 W (Sullivan et al, 1989). The constant will be estimated

a reasonable requirement for low-soluble VOCs such as isdn Sectiord. Alternatively, the right-hand side expression2 (
prene Anderson et a).2003. The lung function will be taken might also be replaced with a piecewise constant functikn ta
into account by considering one single homogenous alveolang vaIuesq{,eesr‘anqu“ea,Xduring rest and exercise, respectively.
unit characterized by an averaged ventilation—perfusatio r

close to one during resting conditions. While this apprdgeh As has been mentioned previously, the tissues contributing
nores the regional ventilation—perfusion scatter througithe  to isoprene formation are not fully established. In view u# t
lung, it constitutes a convenient simplification that istjisd ~ biochemical and experimental results in Sectidr®and?2.2,

by the need to keep the parameterization as parsimonious &spectively, two distinct non-negative production rzk@tsand
possible at this stage of the modeling phase. Delivery anttel Ko are incorporated into the model. These values quantify po-
ination of isoprene within the alveolar tract will be govedn tential hepatic and peripheral sources of endogenousdaepr
by cardiac outpu€), and alveolar ventilatioWa, respectively, the latter being interpreted as a by-product of the biosnth
thereby neglecting the small intrapulmonary shunt andaéwe ~ sis of polyisoprenoid compounds, their degradation, ohbot
dead space fractioh.gmb, 2005. Owing to its lipophilic char- ~ While isoprene production in general appears to be subject
acteristics and small molecular size, isoprene can be asumto diurnal variations Cailleux and Allain 1989 Amann et al.

to rapidly pass through the alveolar tissue barrier, soahan- 2009, within the typical experimental time frame considered
stantaneous ffusion equilibrium will be established between here both rates are treated as constant. Analogously, oetab
end-capillary blood and the free gas phase. This is likely tdization of isoprene is described by conventional first okle
hold true also under moderate, sub-anaerobic exercisd-condietics and will be captured by introducing two rate constant
tions Wagner2008. In the absence of chemical bindings with KPL andkP®T reflecting cytochrome P450 activity in liver and
blood it can thus be deduced that the concentrafignf iso-  extrahepatic tissues, respectivekilger et al, 1999. Other
prene inarterial blood leaving the lungs is proportional to the ways of isoprene clearance such as excretion via the resal sy

concentratiorC, within the alveoli, viz., tem are considered as long-term mechanisms in this comtext a
will thus be ignored. The specific values for the productiod a
Ca = Ap:aiCa. ) metabolization rates introduced above will have to be exttioh

Here, lu.air denotes the isoprene-specific blood:gas partition coPased on experimental results and may depend on the individu
efficient as introduced in Sectidn2. volunteer investigated. The latter case would be partityuiia-

teresting in the light of the fact that isoprene may reflectaie
3.1.2. Body compartments aspects of endogenous cholesterol synthesis.

The systemic part of the model incorporates two well-mixed
functional units: a richly perfused tissue (rpt) compantine
lumping together tissue groups with comparable bloodi&ss
partition codficient Aot ~ 0.4 (viscera, brain, connective mus-
cles, skin), as well as a peripheral tissue compartmentesep
senting an ffective bufer volume that acts as a reservoir for the
storage of isoprene (tentatively skeletal muscles). Botin-c
partments are separated into an intracellular space and-an €3.2. Model equations and a priori analysis
tracellular space (including the vascular blood and thergti-
tial space), whereby a venous equilibrium is assumed to hold
at these interfaces. The relevant blood:tissue partitamfiie
cients are summarized in Tab1 Due to the low fractional
perfusion of adipose tissue, an extra fat compartment was no
considered.
In order to capture the redistribution of systemic perfosio
during bicycle ergometer exercise, fractional blood flga € In order to capture the gas exchange and tissue distribution
(0,1) to peripheral tissue is assumed to resemble fractiondnechanisms presented in the previous paragraphs, the model
blood flow to both legs. The latter increases with cardiapout  consists of three @ierent compartments. A sketch of the model

and will be modeled as structure is given in Fig3 and will be detailed in the following.
_ Model equations are derived by taking into account standard
Qe Qc) = q[)eesrt+ (Oper — q[)‘zsrt)x conservation of mass laws for the individual compartmeimts.
Qe — Orest view of the difusion equilibria postulated in Sectid@l, the
(1 - exp (r maxo, Tstc}))’ 7>0. (2) compartment capacities are governed byajfiectivevolumes
¢ Va = Va + Ve dpain Vipt := Vipt + ViptoAb:rpt @S well aSVper =

Reference values for the indicated variables can be found iNper + Vperbdb:per NOminal values for the indicated parameters
TableC.1 For perspective, in the sequel we q{%ﬁ‘ = 0.08 aregivenin Tabl€.1



1

G Ca Remark 1. For later purposes, we note that a model accom-
Vi modating the experimental situation during exhalation iard
halation to and from a fixed volume exposure atmosphere can

‘ simply be derived by augmenting EquatioB3s(5) with an ad-
€ . @ alveolar ditional compartment obeyin
Vo ! Vo compartment p ying
|
—1 iS4 Y % = Va(Ca - C)). (8)
C. B .
L] th,b (1~ dper) O This typically describes closed system (rebreathing) psetu
e richly perfused such as inFilser et al, 199§.
Copt krplt tissue compartment - .
e Some fundamental model properties are discussed
Vo e i in Appendix B In particular, the components of the state
variablec := (Ca,Cypt, Cper)T remain non-negative, bounded
c ' and will approach a globally asymptotically stable equilim
B e dperQe c®(u) once the measurable external inputs= (Va, Qc, C|)
Voer peripheral tissue a!fect?ng the system are fi?<ed. This corresponds, e.g., to the
o . compartment situation encountered during rest or constant workload, se
e met Fig. 1. Analogous results can be established for the augmented
Voer e e system incorporating EquatioB)( describing the evolution of

the composite state variabte:= (Ca, Crpt, Cper, C)'. In this
case, the corresponding equilibrium for fixed inputs will be

Figure 3: Sketch of the model structure. The body is divided three distinct
9 Y denoted byc®(u).

functional units: alveolgend-capillary compartment (gas exchange), richly
perfused tissue (metabolism and production) and periphissue (storage,

metabolism and production). Dashed boundaries indicati¢fasbn equilib- . . . .
rium. Abbreviations connote as in Tatlel 4. Model validation and estimation

According to Fig.3, the mass balance equation for the alve-4-1. Comparison with ergometer datasets

olar compartment reads In this section we calibrate the proposed model based on
the physiological data presented in Fily. corresponding to

Va—r dCa = VA(C| = Ca) + Qe(Cv—Ca), (3) onesingle representative volunteer breathing an atmosphere
dt free of isoprene (i.e., we s&@, = 0 in the sequel). It will

with C, denoting the inhaled (ambient) gas concentration, whilgurn out that the model appears to be flexible enough to cap-

for the richly perfused and peripheral tissue compartmant wture the isoprene profiles in exhaled breath generally obser
find that during moderate workload ergometer challenges as condiucte

in (King etal, 2009. Moreover, our formulation provides a

dCrpt C ot o ) o -
Vipt— dt = (1-Gper) Qe(Ca—AburptCrpt) + Kt —KiheedbirpCrpt. (4) E{;ﬁq“er?é?ary baS|s fc:)reres'gmagg:g S\;-’mefOf the unspecified pa-
p; € km » T Vperd from the knowledge
and of measured breath concentratl(ynMore specifically, our aim
€ is to (at least partially) determine tkabject-dependeparam-
\7per e = CIpech(Ca /lb:peGCer) + per k&er{lb percper, (5) eter vector
dt p= per krﬁ per o T, Vper)
respectively. I-!ere, the assoqated concentrations indniee < \vell as the nominal endogenous steady state leyel(to)
nous and arterial blood are given by by solving the ordinary least squares problem
Cvi=(01- Qper)/lb:rptcrpt + Operdb:peCper (6)
| _ argmmz (vi — Calt))?. 9)
and Equation X), respectively. Moreover, we state that the —
measured (end-tidal) isoprene concentration equals tre®-al
lar level, i.e., subject to the constraints
‘= Cmeas= Ca. 7
y meas™ A % 0(uo,p,Co) =0 (steady state)
Note that in Equationslj and @) it is tacitly assumed that p,Co >0 (positivity) (10)

any transport delays between tissues, heart and lung can be (U0, p) = 25 nmofl  (exposure steady state).

neglected. A more refined formulation in this regard can be

achieved by considering delayfidirential equations, see for Here,g is the right-hand side of the ODE systeB)<(5) (see

instance Batzel et al.2007). also B.1)) andy; = Cmeas is the measured end-tidal isoprene
concentration at time instamt (tp = 0). The solution point



will be denoted by ¢*, c;). For perspective, the last constraint observed data.
has been introduced in order to account for additional mépr

tion regarding the biotransformation of isoprene avadadnh

the basis of toxicological inhalation studidsiéer et al, 1996. 25
As has been demonstrated there for an ensemble of four nor-
mal healthy test subjects, isoprene concentrations in sedlo
rebreathing chamber of fixed volume will plateau at a level of
approximately 600 ppb after about 2 hours of quiet tidal threa
ing at rest, irrespective of the initial amount of isoprenesent

T T T T T
observed data

— — —model Karl et al.

present model |1

breath isoprene
[nmol/]

in the system. The extracted parameters will be adjusted-to a 0 10 20 30 40 50 60

tomatically meet this boundary condition, thereby maimiteg "

consistency with the aforementioned experimental findings m ' ' ' — mixed vonous
For simulation purposes the measured physiological func- 601 \ — — — peripheral

tions Va and Q. were converted to input function handlas \ richly perfused | |

40}
by applying a local smoothing procedure to the associated
data and interpolating the resulting profiles with splines.
Tissue volumes and partition déieients are as in Tabl€.L

In particular, while the peripheral compartment so far has
been treated as an abstract control volume without paaticul

venous blood
[nmol/l]

reference to any specific tissue group, for identifiabildgggons E
we now setdpper = 0.5, which corresponds to the in vitro g
blood:tissue partition cdggcient for muscleFilser et al, 1996. £
Note, however, that this choice is rather arbitrary, cf. Red. H
The above minimization problen®) was solved by imple- 0 10 20 [rii(;] 40 %0 60

menting a multiple shooting routind@ck, 1987 in Matlab.
This iterative method can be S,een as a_generallzathn OT ﬂﬁgure 4: First panel: simulation of end-tidal isoprene déabr during exer-
standard Gauss—Newton algorithm, designed to avoid divekise conditions, cf. Figl. Second panel: predicted concentrations in mixed
gence issues of the latter due to large residuals. For furtheenous blood€y) and venous blood returning from the peripheray:feCper)
details as well as convergence and stability propertiesafies r and richly perfused tissue groupgfptcrpt). Third pangl: predicted profile of
to (Bock 1981 Peifer and Timmer2007. The necessary fractional peripheral blood flowjper according to Equatior2y.

derivatives of the trajectories with respectgoand c, were ) o ) _
computed by simultaneously solving the associated variati ~ 1h€ local identifiability of the extracted estimates in &bl
equations Kairer etal, 1993. Convergence was assumed Was mvestlg_ated by checking the_non-smgulfi_rlt_y of th_nnf
to be achieved when the maximum componentwise relativd1ation matrixQ := STS, whereS is the sensitivity function
change between two successive iterations was less than 0.18atrix having rows

Fig. 4 summarizes the results of these calculations. Fitted
parameter values and initial conditions are given in Table

Si_ = (3Y(tif$;3p*»ca) 6y(ti;£*,ca)). (11)
More specifically, we adopted the standatdnericalrank cri-

All estimated quantities for the test subject under scyutin or
erion

take values in a physiologically plausible range. Accogdin
to Equations 1) and @), arterial and mixed venous blood rankQ = maxk; o> &l Qll}, (12)
concentrations at the start of the experiment are estimateghereo; > o, > ... > 0 are the singular values @ and
as Cy(0) = 45 nmofl and C{0) = 106 nmoJl, respec- ¢ = 108 denotes the maximum relative error of the calcu-
tively, which is in direct agreement with available datanfro |ated sensitivities Golub and Van Loan1996. Accordingly,
the literature (cf. TableC.1). Total endogenous production we find thatQ has full rank, suggesting that all estimated quan-
equals approximately 125 nnfolin, which is comparable to tities are practically identifiableQobelli and DiStefanol980).
previous predictions ranging from 2.5 to 5.7 nyntil/kg  However, some degree of ill-conditioning is present as @n b
bodyweight Hartmann and Kessled99Q Filser etal, 1999.  concluded from calculating the approximate posteriorelarr
Moreover, the estimated value foe, is close to experimen- tion matrixR defined by
tally measured thigh muscle volumes (s&ethill and Stewart )
2002 for instance). _ o Rj:= ijl(inlQi})_i e[-11]. (13)

For the sake of comparison, in Figgwe also show the out-
come of the model by Karl et al. subjected to the time coures oThe entryR, ; quantifies the degree of interplay betweenithe
V4 andQ. as above (assuming the same end-tidal steady stagnd jth parameter (initial condition) under scrutiny.
value of 6 nmal at rest). As has been indicated in Sectihg, A value of R; near+1 or -1 indicates that it may be
the associated predictions result in a poor representafitre  difficult to estimate both parameters separately, as changes in



the model output caused by perturbing one of these parasnetemodel with closed chamber rebreathing scenarios as disduss
can nearly be compensated by an appropriate perturbation before. From the ensemble of fixed model parameters, the most
the other Jacquez and Perryl99Q Seber and Wild 2003 influential quantities (having a sensitivity index valuegter
Rodriguez-Fernandez et a00§. The highest correlation than 0.25 according to Eql4)) are the maximum fractional
is achieved for the pairk{,’?t, k:ﬁ;t), with an associated value perfusion to peripheral tissueg(f;s) = 0.88), the partition
of 0.995. This indicates a poor estimability of the above-codficient between blood and peripheral tissg@lf:per) = 0.6)
mentioned two parameters if only the breath isoprene dyoemi and the blood:gas partition cieient ((Ap:air) = 0.26). These
in Fig. 4 are taken into account. However, the constraintsvariables should be given special attention when applytieg t
in (10) provide additional information ork;’?t and k{ﬁét that  proposed model to a larger study population as they require a
will prove stfficient for guaranteeing the extraction of reliable careful assessment with respect to inter-individual Ve,
estimates. Alternatively, such identifiability issues htiglso
be circumvented by designing multi-experimental regimes In order to give some insight into the information content
guaranteeing a siiciently large and independent influence of of the extracted parameter values, approximate standenser
all parameters under scrutiny (for instance, by complementwere constructed by employing a variantesidual bootstrap-
ing ergometer challenges with closed chamber rebreathinging(Dogan 2007 Huet et al, 2003 Sect. 2.3.5). For an excel-
protocols as indicated above). The absolute value of aéroth lent overview of resampling techniques in general the @std
pairwise correlations is below 0.9. reader is referred tdShao and Tu1995, while a recent com-
parison between standard asymptotic theory and bootstigpp

A ranking of the fitted parameters and initial conditionstwit for uncertainty quantification in inverse problems can hefib

respect to their impact on the model output can be obtained by (Banks et al.2010.

numerically approximating the squarkegtnorm of thenormal- In particular, this method allows for taking into account au
izedsensitivities, viz., tocorrelations detected among the model residuals
tn %k o 2 .
(py) = f(ay(t,p ,Co) P; (14) r=yi—yt,p.c), i=0,....n (15)
' op;  maxly(s)l) ,
b Such autocorrelation patterns can be seen as a gen-

and similarly for the components of. A graphical comparison eral feature of dense time course, ventilation-relatech dat
of these sensitivity indices is given in Fi§j.revealing a strong Streamsliang et al, 1999 and neglecting their presence typi-
influence ofke", Cpe(0) and Ve, on the predicted breath iso- cally tends to distort variance assessments of least sgjaare
prene profile. This is intuitively reasonable as these qtiesit timates derived from conventional covariance matrix appro

govern the shape of the observed isoprene peak during sgerci Mations Geber and Wild2003 Davidian and Giltinan1993.
Adopting the general procedure suggestedbmgan (2007,

we first use standard techniques from time series analyss (s
35— — — — : e.g., Box et al, 1999) to model the interdependence between
ther; via an autoregressive process of order two, viz.,

ri = ari_1 + Bri_z + 1. (16)

Plots of the resulting;“versus time clearly exhibit random
patterns, thereby suggesting that the former can be treated
as independent and homoscedastic realizations of the -under
lying error process. Furthermore, a Ljung—Box portmanteau
test (jung and Box 1978 confirmed the lack of statistically

85 = 2% 38 ° 18 & © significant autocorrelations. We can hence conclude tret th
- Zoot R error termgy"are interchangeable.
Figure 5: Squared.,-norm of thenormalizedmodel sensitivities (cf. Equa- Consequently, a single bootstrap dataget= ()’8, YD)
tion (14)) with respect to the fitted parameters in TaBle may be generated by the following procedure: we dnawl
samples from a uniform discrete distribution over the set
Contrarily, only minor &ects are seen when varying the {f;; i = 0,...,n}. The results are combined to yield a vector

(poorly determined) parametek§ andkPe. In fact, it should  (73,...,78), from which y® is obtained via Equationsl6)

be pointed out that production and metabolization in thielyic and (L5) (we setrib = r; fori = 0,1). This resampled dataset
perfused tissue group are not needed for producing a satiss then plugged into the minimization procedug {o arrive
factory fit of the data given in Figd. However, we refrained at new estimateaj*’b’cg’b). Repeating the above st&ptimes
from generally eliminating these variables as they play ppma generates a population & fits for each component gf and

role in isoprene distribution during resting conditionsheém ¢y, reflecting the sensitivity of these estimates with respect
blood flow is directed mainly to the richly perfused tissuethe given data. Approximate standard errors might then be
compartment). In particular, they ensure the consistefitlyeo  computed from the empirical variances associated withethes
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populations. Here, we udg= 100. (interpreted as left and right leg) might then be assignex 50
of the v0|ume\7per, nominal fractional blood flovagjper, produc-

The variation cofficients in Table2 suggest that under the tion k" and metabolization rate, as given in Table? and
constraints imposed inlQ) all unknown parameters and ini- Table C.1 (note that the initial steady state concentrations re-
tial conditions might be determined from the individualdtte  main unchanged). Consequently, by alternately distrigpiti-
concentration data in Fidl. with reasonable accuracy. While creased fractional perfusion during the individual exezceg-
this confirms that inference on endogenous isoprene kietionents to either one of these compartments, a good quaditativ
by virtue of exhaled breath measurements is potentiallgifea agreement with the data shown in Figcan be achieved.
ble, it must be emphasized that the extracted values ardyclea
model-dependent. In particular, additional modelifigess in- ~ 4.2. Physiological interpretation
vestigating a more refined compartmentalization and descri  The second panel in Fid. clearly reveals the physiological
tion of perfusion patterns as in Equatid?) vill be imperative  mechanism underlying the peak shaped dynamics of breath
before such estimates can become practically relevanteMor isoprene concentrations in response to constant loadisgerc
over, further experimental evidence needs to be gathertd wiDuring rest, the peripheral compartment is characterized
respect to (fixed) physiological parameters that are knawn tby high isoprene concentrations resulting from extratiepat
drastically dfect the model output. Sensitivity and identifiabil- production according td®;. However, due to the minute
ity methodologies as indicated above can guide these tasks ( fractional blood flow g to these tissuesmixed venous
also Brun et al, 2002 Cintron-Arias et al.2009 Hengl etal,  concentrations are mainly governed by the lower values in
2007). In this sense, the preceding analysis should merely beenous blood from the rpt group. As soon as fractional
seen as a preliminary proof of concept, that primarily ains aperfusion in the periphery increases as a result of exercise
proposing a novel qualitative description of the normalgby  hyperemia, mixed venous concentrations become dominated
logical flow of isoprene rather than at drawing further qitant by peripheral venous return. The isoprene peak visible in

tive conclusions with respect to the indicated estimates. mixed venous blood and breath is an immediate consequence
of this transition. Subsequently, a depletion of the pesiph
Variable Symbol  Fitted value (units) c\k tissue compartment and hence a decline in mixed venous blood
i ¢/ Wigrk
Production rpt & 20.8 (nmoimin) 6 conc_exgrrf\tlon can be_ observed. As a matter of facyft .
. . er _ and QY°™ are maintained at a roughly fixed level reflecting
Production periphery kpft 104.5 (hmofmin) 3 some constant workload, the compartmental concentrations
. r . X L .
Metabolism rate rpt Kinet 3.6 (ymin) 8 will approach a new steady stat&u“°), which is attained
Metabolism rate periphery - 0.96 (ymin) 7 after about 15 minutes of pedaling, cf. Sectb@ When the
Constant Eq.2) T 2.1 12 workload is stopped, perfusion will be redistributed adoog
Tissue volume periphery per 9.2 (1 8 to the cqmpartmentgl shares at res_t ar_1d the peripherabisepr.
. . . buffer will be replenished. If exercise is continued before this
Initial concentration alveoli Ca(0) 6 (nmoll) 3 . N .
- , process is completed, the corresponding isoprene peakbasuvill
Initial concentration rpt Crt(0) 12.5 (nmaf) 6 lower than at the start of the first exercise segment, deapite
Initial concentration periphery Cper(0) 150 (nmo) 5 similar response of ventilation and perfusion. This clasifihe

Table 2: Decisive model sters resulting from the fitiin & The co wash-out behavior discernible in repeated workload seggnen

al . Decisive moadel param 'S resulting rrom the nuaq 4. e corre- . . . . . .

sponding variation cdg&cients (CV, in %) were obtained by calculating boot- In the speuql Sltu"?‘tlon of F|g4’ starting from the f"?al state

strap standard errors from the repeated fit8 ef 100 resampled datasets. att = 20 min (using the fitted parameter values in TaBle

and applying the physiological inputs, corresponding to

Moreover, we again stress the fact that the fitting procedur&sting conditions) the time required until all compartiaén

above has been carried out for one single representatigoncentrations are within 1% of their initial leved; can be

volunteer only, inasmuch as our major goal was to demostrafimulated as approximately 58 min. This is consistent with

the principal explanatory power of the proposed model forexperimental observationkipg et al, 2009.

capturing the presented breath isoprene behavior. The-popu ) ) )

lation spread of the fitted parameters within the largerytud [N other words, according to the preceding rationale the

cohort investigated bying et al. (2009 might be assessed Major part of breath isoprene variability during ergometer

by a Bayesian (seeMprk et al, 2009 for instance) or mixed challenges can be attributed to varying fractional contidns

effects approachKuhn and Lavielle 2005, which, however ©f distinct compartmental levels to the mixed venous blood
would be beyond the scope of this paper. concentrationCy. The aforementioned reasoning compares

favorably with the fact, that peripheral venous blood cance

trations (median 30 nmgj range 15-70 nmdl (Cailleux et al,
Remark 2. For the sake of completeness, we briefly note that d1992) appear to be significantly higher than mixed venous
formal description of the experimental situation during time-  ones (median 9 nmg] range 0.5-24 nmdl (Miekisch et al,
legged ergometer trials as in Secti@r? can be obtained by 2001). In particular, note that with the present model the ob-
simply augmenting the model with a copy of Equatiéh (For  served isoprene dynamics can be explained assuctingtant
symmetry reasons, each of these two peripheral comparsmergndogenous production rates, which agrees with the inuiti

10



perception of isoprene synthesis as a slowly varying pgdaes However, note that while (a) is not consistent with our cotre
this sense, the aforementioned putative mechanism opyimalunderstanding of the isoprene synthetic pathway and does no
respects a wide spectrum of fundamental phenomenologicakovide a natural explanation for the distinct peak heigiits

as well as physiological boundary conditions. From a pracserved in repeated workload regimes, (b) appears quebt®mna
tical point of view, the intimate ties between compartméntadue to the fact that such a transition is likely to influencéhbo
hemodynamics and endogenous isoprene flow put forwartoprene and butane kinetics in a similar way. This contra-
by the previous analysis might render breath isoprene as dicts experimental evidence (see the discussion in Se2tn
promising new parameter for studying vascular control &wed t and King et al, 20103).

redistribution of blood flow during exercise. . . -
Remark 4. It should be mentioned that a more precise specifi-

cation of the peripheral tissue compartment on the basistdf e
Remark 3. A word is in order regarding the necessity of in- mated volumes and partition déieients could not be achieved.
troducing a hypothetical production rakf for ensuring the ~ For instance, choosingy.per = 1/82 (which is the proposed
formation of a systemic isoprene pool. To this end, consader blood:tissue partition cdgcient for fat Filser et al, 1996) and
arbitrary non-producing and non-metabolizing body cortipar settingVper = 0.23 1 as well aCped0) = 6147 nmoll in Table2
ment which may essentially be characterized by a mass tmlanyields a fit of similar quality as in Figt. With these modifica-
equation of the form%), with kif" andki, set to zero (the in-  tions in mind, contrary to the previous interpretation asofe:
dex “per” is kept merely for notational convenience). Asase  tissue, the peripheral compartment might hence also beedew
state conditions can be assumed to hold during rest (see Se&s a small isoprene Her volume characterized by a high lipid
tion 2.2), the initial venous concentratid®ye(0)dp:per Of iso-  content (such as for instance the endothelial layer linfrgy t
prene associated with this compartment will be equal torthe i vascular walls). This lack of joint estimability @f:per andVper
coming arterial concentratioBs(0) of the compound. Adopt- Wwithin the present experimental setting is also reflectecby
ing the above notation we thus find that high degree of colIJnearity between the associated seitigs

0Y/0Ap:peranddy/dVper, respectively.

Cper(0)Ap:per = Ca(0) < CH0). a7)

The lastinequality is a consequence of the algebraic steatky 5. Conclusion

r_elation assogiate_d with the alveolar compartment _(cf. EQU  This paper is devoted to the development of a first mech-
tion (A.3), which is a standard mass balance equation for gagpisiic description of isoprene evolution infidrent tissue

exch.ange n thellung). Hence, when switching to an 'ncreasegompartments of the human body by simulating the behavior of
fractlo_nal perfl_JS|on of such body compartments as a resﬁl_JIt %reath isoprene output during several short-term exeprise
exercise, themixedvenous return will become enriched with 14615 |n Sectior.2 various lines of supportive experimental
blood having isoprene concentrations close to the preeus o igence for an extrahepatic tissue source of isoprene have
terial level during rest. In other word&y will fall rather  poen presented. These findings have led us to a simple kinetic
than rise. Using this simple but general rationale it is clea o el that is expected to aid further investigations reigard

yvhy.previous models_of isoprene pharmacokinetics such ag,q exhalation, storage, transport and biotransformain
in (Filser et al, 1996 fail to reproduce the peak-shaped behav-oqges associated with this important compound.
ior of breath isoprene during exercise, even ffetiential blood

flow is taken into account. The emphasis of this work has been laid on deriving a sound

. S . mathematical formulation flexible enough to cover a wide
Regarding further model validation, the experimental out-

m iated with the one-| d ergometer reaim rspectrum of possible isoprene behavior in end-tidal breath
come assoclate € one-iegged ergometer regimes prig,;q simultaneously maintaining consistency with earlie

;g};\?g ;gr;i?;ggﬁznipﬁsgzi toafurm_srrl]thelfac]t that any_quan'experimental findings as well as physiological plausipilit
. i 9 g a peripheral release . of the involved parameters. Depending on the specific field
g: ;ﬁgprfer:;m’rﬂl ti)soapelr?(jng;e:s:f dpuhr)i/r?otla(:(gelfcaillsgem ov of application, necessary model refinements might include
furtherpbiocher?\icalpand ph))//siological stu%ies will h.avebté) the Incorporation .Of a r_nultl-compartment Iun_g fo_r mapping
ventilation—perfusion mismatch or changes irffuion ca-

Zor;(:tu fCr fr?] ;ﬂeolriggrotfo a?ltrsr?ler:tgt]iinex?g;eorggg]aot;cot\r/](faéet. ; pacity, as well as a less coarse partition of the systensogis
P 9 P ' groups, similar as inKilser etal, 1996 Melnick and Kohn

tive isoprene sources might comprise 2000. The statistical significance of these generalizations

(a) an exercise-induced, time-varying production in cacttr might then be assessed, e.g., by employing residual-based

ing muscle (possibly due to rapid switches in cellular€omparison techniques for nested models as described
metabolism) in (Banks and Tran 2009 Banks and Fitzpatrick 1990.

However, at the current stage of research and given theelimit
(b) a change of diusion capacities in peripheral tissue (re- data on the dynamic behavior of breath isoprene throughout
flected, for instance, by an abrupt increaselpfe, cf.  a broader spectrum of experimental scenarios, it is prelera
Equation 6)). to maintain a compartmentalization and parameterizat®n a
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parsimonious as possible. Here, the quotien\‘/A/QC is called ventilation—perfusion ratio,
whereasly.,ir denotes the substance-specific and temperature-
On-line determinations of dynamic VOC concentration pro-dependent blood:gas partition ¢beient.
files in exhaled breath combined with adequate kinetic model
ing is a promising field of research, still in its infancy. Fr@a
methodological point of view, this work demonstrates thets

dynamic patterns reflect fundamental physiological change Here we shall briefly recall some general properties of the
and can potentially be used for exploring the fate of vaatil nroposed model that necessarily must be satisfied in ang vali
species in the human body. Generally, it should also be emphgescription of concentration dynamics. Firstly, note tqua-

sized that a reliable quantification of relevant substspmsific  tjons (3)-(5) can be written as a time-varying, linear inhomo-
characteristics of endogenous trace gases (such as pauctgeneous system

and metabolism) from breath data might yield novel diagnos-

tic or therapeutic indicators that are complementary tesého ¢ = A(u,p)c + b(u, p) =: g(u, p,c) (B.1)

gained by employing more invasive methods. In this sense, we

hope that the present contribution will help to consolidhte  in the state variable := (Ca, Crpr, Cper)", Which is dependent

potential role of breath gas analysis in biomonitoring arilll w on a constant parameter vecfpias well as on a vectar :=

also stimulate futurefforts to establish mathematical modeling (Va, Qc, Ci) lumping together all measurable external inputs.

as a core technique in VOC research. Non-negativity of the trajectories associated wiBh1) for

non-negative initial conditions easily follows from thefahat

the system is cooperative. Moreover, by considering the dy-

namics of the total amount of isopreme = 3; Vic; > 0, viz.,
We are indebted to the reviewers for several helpful sug-

gestions. Julian King is a recipient of a DOC fellowship at = k5" + ki — Koo db:peCper — KhoelbirpCrpt+

the Breath Research Institute of the Austrian Academy of Sci VA(Ci —Ca). (B.2)

ences. The research leading to these results has received fu

ing from the European Communitys Seventh Framework Proit can readily be verified that the trajectories are boundeuhf
gramme (FP/2007-13) under grant agreement No. 217967 ghove if eithen/a > O or if at least one of the two metabolic
We appreciate funding from the Austrian Federal Ministryratesk™, or k= is strictly positive. Furthermore, it can be
for Transport, Innovation and Technology (BMYBMWA,  proven that under physiological steady state conditioas,for
Project 818803, KIRAS). Gerald Teschl and Julian King ac-constanu, the time-invariant matriA will be Hurwitz if
knowledge support from the Austrian Science Fund (FWF) un-
der Grant No. Y330. We greatly appreciate the generous sup-det() = Vathy + Koty + Kootz + K kP9, £ 0, 9 <0,
port of the government of Vorarlberg and its governor Lan-
deshauptmann Dr. Herbert Sausgruber. cf. (King et al, 2010h Prop. 2). Hence, except for the degener-
ate cas&/a = k., = kPor, = 0 (which, as can be seen frol.),

necessarily results in divergenttrajectories if one otd@pro-
duction rates is strictly positive) the compartmental eonica-

Adopting the nomenclature in Tab 1, the basic equation tions can be guaranteed to approach a globally asymptgtical
for modeling pulmonary exchange of blood-borne inert gasestable equilibriunc®(u) := —A~'b once the inputsi affecting
using one single lung compartment is a mass balance equatidime system are fixed.
of the form (see, e.g.Batzel et al.2007)

Va%h VuC -G+ QGG (A1)

whereCyx denotes the trace gas concentration in a regfi@w-
eraged over a periaft, i.e.,

Appendix B. Some fundamental model properties

Acknowledgements

Appendix A. Classical inert gaselimination theory

t+At/2
Cx(t) = 1/At f Cx(9)ds. (A.2)
t-At/2
From Equation A.1), by assuming steady state conditions
dCa/dt = 0 as well asC; = O (i.e., no trace gas is inspired)
and by substituting Henry’s la®, = Ap.5irCa We derive the
familiar equation due t&arhi(1967,

C-
Cmeas= Ca= kL
Ap:air +

W (A.3)
Qc
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Appendix C. Nomenclature

Parameter Symbol Nominal value (unit%s)
Concentrations

alveoli Ca 4 (nmo}1)@
end-capillary Cy

arterial Ca 5.7 (nmoll)®
mixed-venous Cy 9 (nmo}l)®

richly perfused tissue (rpt) Crpt

peripheral tissue Cper

inhaled (ambient) C 0 (nmojl)
Compartment volumes

alveoli Va 4.1 (¢
end-capillary Ve 0.15 (If
richly perfused (rpt) Vipt 13.25 (If
blood rpt Viptb 1.97 (I
peripheral tissue Vper

blood peripheral tissue Vperb

ambient Y

Fractional blood flows

periphery (both legs) Oper

maximal o 0.7
nominal (rest) gt 0.0g, 0.14"
constant Eq.2) T

Partition cogficients

blood:air Apair 0.75
blood:rpt Abirpt 0.4
blood:peripheral tissue Aoper 0.5 (muscle); 0.012 (fat)
Rate constants

hepatic metabolic rate KR

extrahepatic metabolic rate kP

production rpt Ko

production peripheral tissue  kby'

Table C.1: Basic model parameters and reference valuesdionah sub-
jects during rest;2(Kushch et al. 2008; Pmechanically ventilated patients
in (Miekisch et al, 2001); ¢(Mork and Johansqr2006); ¢(Hughes and Morell
2001); ®comprising viscera, brain and connective muscles acogrtinTa-
ble 8.2 in QOttesen et al.2004; fcorresponding to 450 kpmin or ap-
prox. 75 W according to Fig. 6 inSullivan et al, 1989; 9(Johnson2007);
hobtained byq{)%s,t‘ = 2 (single leg blood flowcardiac output) according to Ta-
ble 1 in Sullivan et al, 1989; ' (Karl et al, 200); I (Filser et al, 1996.
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