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Analysis of endotoxin effects on the intact pulmonary circulation
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Abstract

Objective: The mechanism of sustained alterations in pulmoregnodynamics during endotoxin shock
remains unclear. To gain more detailed knowledgeisesl the four-element windkessel model as a gescif
the pulmonary circuitM ethods. Consecutive changes in characteristic resistaRgevascular complianced),
input resistanceR;) and inductancel( were continuously assessed following injectioneoflotoxin in 6
anaesthetised pigs, and were compared with thesmonding values measured in a similar group ofmsha
operated animalsResults: Endotoxin challenge resulted in a biphasic pulmorentgry pressure response.
Blood flow decreased progressively from 2.8 + @2inh to 2 = 0.2 I/min. Ohmic pulmonary vascularisésnce
(PVR) increased gradually from 0.2 + 0.04 to 0.76.% mm Hg s mt. The early increase in PAP (from 14 + 2
to 27 + 4 mm Hg) was mediated by changes in battfl@m 0.04 + 0.01 to 0.06 + 0.01 mm Hg s’nand R
(from 0.16 + 0.04 to 0.61 + 0.2 mm Hg s ™l These responses, in turn, altered the proximatuwlar
compliance. A subsequent increase in PAP (from Z/ta 32 + 3 mm Hg) paralleled the specific decline
distal pulmonary vasculature compliance from 0.8 %to 0.65 + 0.1 ml/mmHg. Analysis of the timaucze of
PVR did not allow us to distinguish between vasataction and stiffening of the vascular tree ahamisms
accounting for PAP changeSonclusions. Endotoxemia leads to pulmonary hypertension, whéch result of
constriction of proximal pulmonary arteries durithg early phase, whereas the late phase is chasadidy a
decline in distal pulmonary vasculature compliance.

Keywords: pig ; pulmonary circulation ; septic shock ; enddio; models ; vascular resistance ; vascular
compliance

1. Introduction

The pulmonary hypertensive response to endotoximsisally accounted for by vasoconstriction of the
pulmonary bed. Although there is some questionoathé exact magnitude of arterial and venous st
ratios in the pulmonary circulation [3,16], evenrmancertainty exists with regard to how vascutanpliance
and resistance vary simultaneously during endotmsult. Indeed, this knowledge is not only impattdom a
theoretical, pathophysiological viewpoint, but alsoterms of the potential for therapeutic inteiens. The
lack of detailed data may reflect the paucity ofige hemodynamic methods capable of clearly distsigng
the portion of the total pressure drop requirecbpen or distend pulmonary vessels from the presdtop
related to flow resistance itself.

Most studies examining the response of the pulmociaculation to endotoxin administration have béawed

by an approach which calculates changes in pulmyovescular resistance using an ohmic formula thates
the pressure gradient (the difference between irgnd output pressures) by flow [3,5,11,14-16,20,21]
Unfortunately, while such a calculation may giveight into the total energy loss required for aegivlow
through the system, it does not provide detaileokadge of the system's fundamental mechanicalgrties,
i.e., the compliance and resistance of the vasdidar More recently, it has been postulated thaendetailed
knowledge of the functional state of the pulmonairgulation could be achieved by describing thatrehship
between pulmonary input pressure and flow [6,7]eOthe physiological range of flows, this relatibipsis
essentially linear and can be characterised by@esind a pressure intercept referred to as argtadsistor
effect [2,6,7]. Unfortunately, several problemsoassted with the determination of pressure-flovatiehships
remain to be solved. First, the Starling resistodat ignores the compliant property of the pulmgnagssels.
Second, application of such an hemodynamic apprisaebry difficult because it requires generatimggsure-
flow plots under very rigorous conditions; in peudtliar, the level of left atrial pressure must remanchanged
during flow manipulations [8]. Finally, experimehizse of pressure-flow plots is hampered by thé&isbito
different curves that occurs during hemodynamic imaations. The utility of pressure-flow plots iserefore
potentially reduced because of these considerablenical limitations. In contrast, growing eviderisebeing
gathered to favor the use of lumped parameter maotteldescribe the global behavior of the pulmonary
circulation [12]. The most significant reason foingssuch models is that changes in both vascukistemce
and compliance may be assessed without the ngcéms#ipecific manipulations of the circulatory s&m under
investigation. In order to obtain this more dethilknowledge, the effects of endotoxin on the pulargn
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vasculature were investigated in intact animalsapplication of the four-element windkessel modelthe
pulmonary circulation.

2. Methods

All experimental procedures and protocols usedhis investigation were reviewed and approved byethécal
committee of the Medical Faculty of the Universaf Liege. They were performed in accordance with the
Guiding Principles for the Care and Use of LabosatAnimals approved by the Council of the American
Physiological Society. Experiments were performed ®realthy pure pietran pigs of either sex weigtom

16 to 28 kg. The animals were premedicated withamtrscular administration of ketamine (20 mg/kg) and
diazepam (1 mg/kg). Anaesthesia was then inducednaaintained by a continuous infusion of sufentanil
(0.5 pg/kg/h) and propofol (7.5 mg/kg/h). Spontareemovements were prevented by pancuronium bromide
(0.2 mg/kg/h). After endotracheal intubation viaeavical tracheostomy, the pigs were connecteduolame-
cycled ventilator (Evita 2, Drager, Libeck, Germasg) to deliver a tidal volume of 15 ml/kg at a iesjory
rate of 20/min. End-tidal COmeasurements (Capnomac, Datex, Helsinki, Finlaretewised to monitor the
adequacy of ventilation. Respiratory settings vastigisted to maintain end-tidal GBetween 30 and 35 mmHg.
Arterial oxygen saturation was monitored and méieiz above 95% by adjusting the ki€ necessary.

The pulmonary trunk was exposed via a median stermat A micromanometer-tipped catheter (Sentron
pressure measuring catheter, Cordis, Miami, FL, Y®As inserted into the main pulmonary artery thfoa
stab wound in the right ventricular outflow tra&. 14 mm diameter perivascular flow-probe (Transonic
Systems, Ithaca, NY, USA) was snugly fitted arouhd main pulmonary artery 2 cm downstream to the
pulmonary valve. The micromanometer-tipped cathets manipulated so that the pressure sensor nalfyfi
positioned at the level of the flow-probe.

Left atrial pressure was measured with a micromatentgped catheter inserted into the cavity thifothe left
atrial appendage. Finally, systemic blood pressw® monitored via a micromanometer-tipped cathatarted
into the abdominal aorta through the left femortéry.

Total effective dynamic lung complianc€.f), a parameter reflecting the pulmonary compliaawee resistance

to gas flow together, was calculated as the rdtiiidal volume to peak tracheal pressure. Airwagssure was
measured from a sideline connected to the inspyratiocuit and connected to a transducer. This vedibrated
with a water manometer. Both inspiratory and expmagas flows were measured with a Fleisch pneumo-
tachograph. Tidal volumes were obtained by integnatf the expiratory flow signal (Capnomac, Datex,
Helsinki, Finland). These values were not adjustedife compression volume and breathing circuibesn.

2.1. Experimental protocol

After surgical preparation, the animals were alldve stabilise for 30 min. After an initial 30 maf baseline
hemodynamic recording which included mean pulmoatgry pressure (PAP), pulmonary blood flow (@jt |
atrial pressure (LAP), mean arterial blood pres¢BR), and heart rate (HR), the animals were theiéd into
two equal groupsnE6 each). In one group (endotoxin group) the arsénh@d an intravenous infusion of 0.5
mg/kg of a freshly prepared endotoxin solutiondfiplysaccharide fronk. coli serotype 0127:B8, Sigma, St
Louis, MO, USA) over 30 min at TO. The other groupanfmals (control group) served as control animats a
were submitted to the same protocol, using an et volume of saline infusion instead of endatoxi

Hemodynamics and blood gases were then sequentiaiguredTzg, Teo, Too, T120 @aNAT150 MinN) to
characterise the progression of shock in this model

2.2. Data collection

All analog signals were continuously digitalisediwan appropriate system (Codas, DataQ, Akron, QG4).
The pulmonary pressure and flow waves were sampl28GaHz and stored. Cardiac cycles were define® by
wave detection provided by a permanent recordirg arfie lead electrocardiogram. Ten consecutive syoige
recorded during apnea and were numerically averégexdbtain representative diagrams of pressurefiamd
waves corresponding to specific experimental coomt

2.3. Data analysis

We used a lumped parameter model, i.e. the foumenié windkessel model (WK4), in order to analyseftow
conditions in the pulmonary circulation throughth# experimental protocol. An electrical represgomaof the
WK4 is displayed in Fig. 1.

The resistorR, represents the resistive properties of the pulmowmasculature, which are considered to reside
primarily in the arteriolar system. The capacifpplaced in parallel witliR,, represents the compliant properties
of the pulmonary arterial tree [12].
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The resistoR; is used to reflect characteristic resistance, #ieevof which depends principally on the inertance
and compliance of the main pulmonary artery. Finah inductancé is used to allow positive phase angles
between flow and pressure waves. It correspondsetanertial properties of the pulmonary vasculatdue to
the mass of blood [12].

The four elements of the model were simultaneouslgutated by using an original analytic proceduse a
described previously [17]. Details of this analyaie provided in Appendix A.

Fig. 1. Representation of the four element windkessel muaitlielan example of computer record used to obtain
averaged pulmonary pressure (upper panel) and flower panel) waveforms from ten consecutive sgstol
Key to symbols used; Rcharacteristic vascular resistance; L, vasculaduictance; C, vascular compliance;, R
peripheral vascular resistance.
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2.4, Statistical evaluation.
Data are expressed as mean = standard error ofdhn (SEM).

Changes in hemodynamics and in WK4 parameterswéhth group were evaluated by a repeated-measures
analysis of variance. When necessary, a Scheffétsmas used for multiple comparisonst-#est was used to
evaluate statistical differences in behaviour betwgroups. AP value of less than 0.05 was considered as
statistically significant.

3. Results

The time course of conventional hemodynamic vargfde both groups during both the baseline periudi the
experimental period is presented in Fig. 2. Dutlmgbaseline period, no statistical differenceseweted in the
hemodynamic variables between the two groups.

In the endotoxin group, PAP showed a biphasic, mbulyl-shaped response following endotoxin infusiafter
1 h, PAP reached its first maximum, while at 90 rtihad decreased to immediate post endotoxin iofus
values. It then increased once again at 150 min.

In contrast, BP decreased gradually during theertiperimental period and paralleled the chanbssreed in
blood flow. PVR showed a profile similar to thatPAP.
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HR increased gradually from 103 + 13 to 153 + 18rduthe course of the experime<Q.05).LAP remained
almost unchanged at 6 mmHg.

During the same period, we recorded no signifiterhodynamic changes in the control group. There wer
statistical differences in the dose of anaestl@ticancuronium administered during the protocohieen endo-
toxin-treated and in control animals.

Fig. 2. Time course of conventional hemodynamic varialiehe control group (open circles) and endotoxin

group (closed circles). Endotoxin solution was ieflisrom F to T3, Key to symbols used: PAP, mean

pulmonary artery pressure; BP, mean arterial bloodkgsure; Q, pulmonary blood flow; PVR, pulmonary

vascular resistance. PVR was referred to as the raéittveen pulmonary pressure gradient (PAP—LAP) and
pulmonary blood flow. * indicates significant chasgfrom baseline values (P<0.05).
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The time course of calculated pulmonary vasculaameters as provided by the WK4 model is presemté&aigi.

3. In the control group, the characteristic resisteR; and the peripheral resistanBg remained remarkably
stable. On the other hand, the vascular compliéntesmded to decrease over time; these changes vweveyhr,
minor and failed to reach statistical significanicecontrastR; andR, showed specific changes in the endotoxin
group.R; increased significantly immediately following endwin insult and remained elevated thereafir.
increased rapidly, subsequently returned baselheeg, and then showed a secondary rise betiygeamd T,
min. The vascular compliand@ decreased immediately after endotoxin insult, ieimg at the same low level
betweeriTgo and T, and then decreased significantly again at theofiide experiment. In contrast, inductance
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L remained essentially unchanged throughout the erpat when compared to baseline values in bothggou
of animals.

Fig. 3. Changes in detailed pulmonary vascular paramedsrebtained by the four element windkessel model of
the pulmonary circulation, in the control (openat&) and endotoxin groups (closed circles). Kewymbols
used: R, characteristic vascular resistance;,Reripheral vascular resistance; C, global vaseutampliance.
Endotoxin solution was infused fromp t® Tzo. * indicates significant changes from baselineuesl (P<0.05); §
indicates significant difference fromgvalues (P<0.05).
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Analysis of variance showed that dynamic lung céamgle remained unchanged throughout the experiment
both groups, as illustrated in Fig. 4.

Fig. 4. Time course of effective dynamic lung compliar@g) (in the control group (open circles) and in
endotoxin-injured animals (closed circles). Endatoxnfusion was started atpTand stopped at z§. No
statistical change occurred during the experimeptiod.
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4, Discussion

Our laboratory has previously investigated effesftontinuous endotoxin infusion, as this situatisrmore
likely to reflect human sepsis [2,3]. Clinical sispaould appear more likely be associated with rtinaous or
repeated release of endotoxin, rather than a sbajles [4]. The absence of a clinical hyperdynaaiiculatory
state in the present experiment is explained byfdabhethat peripheral blood pooling was not compged by
fluid loading. In contrast, fluid challenge is iatied early in the clinical setting and allows egsion of an
hyperdynamic state.

The biphasic course of PAP, as well as the pattémhecorease in blood flow after endotoxin insult gréte
similar to the observations of other authors. Sewtotoxin effects are clearly different from theolexion of
hemodynamics in sham-operated animals, as preyishswn by others [5,9,15,21].

According to Ohm's law, decreases in blood flowoasged with concomitant increases in the pulmonary
pressure gradient imply that increases in PVR @edurln our experiments, endotoxin insult resulieda
gradual increase in PVR. This is classically intetgd as being caused by vasoconstriction, withegard to
predominant effects on either the arterial or venside of the pulmonary circulation. In fact, seder
explanations, invoked separately or in associatéye, able to account for increases in PAP in prseari
decreased blood flow. These include: (1) increagheéndistal vascular resistance provoked by anagilav in
vascular tone, (2) alteration of the vascular caamgle of the pulmonary bed, or (3) increase inctheracteristic
resistance secondary to an endotoxin-induced sitiffeof the proximal arterial tree.

Previous studies in which pulmonary hypertensionlieen reported to result from endotoxin challdmges not
been able to differentiate among these possilslif&5,11,14,16,20,21]. Our results suggest thatltmped
parameter model provides relevant information reigar the vascular properties that govern pulmormopd
flow during basal conditions and endotoxin shockr @sults for characteristic resistariRg total pulmonary
vascular complianc€, and input resistancB, were comparable to values obtained in previousiesudf
animals of comparable size under baseline conditjp®,18]. It should be emphasised, however, thaiasting
methods of estimating total pulmonary vascular daanpe are based on windkessel models; it is thesef
impossible to validate these model-derived estimagng alternative, in vivo approaches, whichiarable to
provide definitive values for compliance. To our Wwhedge, there have been no previous measurements of
compliance changes in the intact pulmonary circatain response to endotoxic shock. Therefore, coispa

of our results with those of other workers is frlaugith difficulty. The present data suggest thati@oxin
insult leads to a complex pulmonary vascular respanvolving a dynamic, time-dependent interplagneen

R;, C andR,. During early endotoxemia, the increase in PAP &edise in PVR may be attributed to alterations
in R, and R, and a decline in vascular compliance. It is of ne$t to note that the transient improvement in
pulmonary hemodynamics appears to parallel chaimg@s This may result from the fact that the portion o t
pulmonary circulation most affected during earlgetoxemia is the proximal arterial segment. An éase of
R; may be interpreted as reflecting a reduction incthrapliance of the main pulmonary artery and/oeeréase

of vessel radius, indicating that selective stiffignwas produced by an increase in smooth musale ito the
main pulmonary artery. On the other hand, the tesinphase of the biphasic PAP response appears to b
accounted for by a selective decline in compliaofcéhe distal pulmonary vasculature, since RtlandR, did

not show further changes during this time interVélis feature is of particular interest, as it dgahows that
PAP and PVR may be increased in the absence tiefuaiterations in the resistive properties ofwéssels, but
may, in fact, parallel changes in distal vascutanpliance. The mechanism whereby endotoxin chatidegds

to sequential effects on resistive and compliamopgrties of the various segments of the pulmorasgulature
remains unclear. To further complicate matters,gased interstitial fluid or pulmonary air trappiwvguld both
tend to increase perivascular pressure in dista$els, adding to the effects of increased vaseuddlr tone.
Thus, the occurrence of perivascular cuffing as aglbronchoconstriction could lead to exagerragtidnates

of either the increase in vascular resistance erdécrease of vascular compliance. The degree ofqmary
interstitial edema was not directly measured indiesent study. However, total effective dynamimpbance is
generally assumed, in open-chest animals, to telembined effects of parenchymal compliance phes t
pressure required to overcome airway resistancdedtothe hypothesis of the occurence of air tragpgind/or
interstitial edema accumulation, we used an armbfsvariance for the interaction between airwagspures and
either air flow or volume. This showed that thereaaveo significant differences in peak inspiratorggsures
caused by corresponding flow nor volume changesirirols and after endotoxin insult. Although werevable

to rule out the occurrence of both significant edeamd bronchoconstriction to explain peripheralcués
narrowing, we cannot be entirely certain that lunfume remained constant during endotoxin infusietause
functional residual capacity was not measured engtesent study. In contrast, convincing eviderae lbeen
accumulated to suggest that early changes in PARssociated with the release of thromboxane A2reds
later changes could be related to injury of thecubs wall and subsequent decrease in local NOuymtiah
[1,13,21]. This is consistent with the loss of ataproperties of distal vessels. Our results rgjigestions that
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certainly need further, detailed investigation. Tpartitioning between resistive and vascular conmgka
changes revealed by application of our circulatondel may provide support for the idea that inogeas PVR
can only be counteracted by use of vasodilatingyslrunder certain circumstances. As long as thespres
response is primarily a result of vasoconstrictithre administration of vasodilators would represenbgical
therapeutic step [1,5,14,20,21]. In contrast, thesjbility that reduction in vascular compliancentcibbutes to
the observed response of PAP would theoreticallglpde any success in attempts to restore basabtpasing
vasodilators. This problem may be alleviated byuoity the inflammatory response associated withrynpf
the vascular wall. Previous work has shown thanewéor decreases in pulmonary vascular compliaree
responsible for marked deleterious effects on rigdntricular function [10]. In the face of alteredscular
compliance, the right ventricle's functional moderges, from that of a flow pump to that of a puespump.
This ventricular accommodation takes place to therdent of stroke volume [10]. We observed thisqass
during late endotoxemia.

In summary, we have shown that endotoxin infusiard$ to a biphasic pulmonary arterial pressureoressp
Our analysis revealed that early changes are densiwith the occurrence of vasoconstriction, whichurn
reduces the global compliance of the pulmonary bée. PAP response was partially caused by changibe in
characteristic resistance of the proximal vascataa. Late changes in PAP resulted from a spedfitirge in
vascular compliance without further alterationsthie resistive properties of the pulmonary bed. Tresgnt
study reveals that analysis of PVR using an ohmicleh of the pulmonary circulation fails to providey
substantial insight into the mechanisms respondibiethe complex hemodynamic responses seen during
endotoxin shock.

Acknowledgements

This work was supported by Grant ARC 94/99-177 ftbmmCommunauté Francaise de Belgique.

Appendix A
Calculation of WK 4 parameters
The relationship between pressure and flow in stahafedels is described by a second order lineéerdifitial
equation [19]:
dQ d’0 dpP d’p

a0+ ala +a, e =b,P + bla +b, a7

ey

In order to avoid the use of a second derivativ@iclwvdecreases signal-to-noise ratio, Eq. (1) &girgted and
becomes:

J Q(ndr =k, J P(n)dr + k,(P(t) — P(t,))

d d
100 - 00 + k(20— Za,)

2

whereQ = pulmonary flow,P = pulmonary pressure, amgl= the beginning of the cardiac cycle defined asRhe
wave on the ECG.

The multiple regression technique estimates thetaotsk; in order to minimise the residual sum of squares
(RSS) i.e., the sum of the squared differencesdmmtvthe observed values of both parts of this euat

RSS =, [ f Q(rdr — k, f P@dT — ky(P() — P(t,))

d d 2
k00 - 069) k(e “La) ] 3)

The parameters;, ky, ks andk, are the following respective functionslafR;, C andRy:
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1 CR’ L+ CRR,
k=g k, = k= =% % ki
LR, R, +R, R, +R,
~ LCR, @
R, +R,

L, R, R, andC values were then derived by solving Eq.(4).
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