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Abstract: A physiological model integrating a pulsatile cardiovascular system model with
a model of the pulmonary capillary fluid exchange based on the Starling’s equations is
proposed in order to analyse the micro-circulatory physiological alterations which occur
during the evolution of sepsis. Sepsis-induced acute lung injury is typically characterized
by an increased microvascular permeability and interstitial edema. Pulmonary edema
occurs because the capillary filtration capacity increases and the reflection coefficient to
proteins decreases causing fluid leak across the capillary barrier. Patients with severe
sepsis may develop respiratory failure and hence requiring ventilatory support. These
signs represent the clinical expression of the acute respiratory distress syndrome (ARDS)
and are associated with high mortality in medical intensive care units (ICU). The
proposed model is used to simulate the cardiovascular hemodynamics under these
complex pathophysiological conditions. Copyright © 2006 IFAC
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1. INTRODUCTION

The syndrome of septic shock is characterized by
several physiological abnormalities such as: (1)
peripheral arteriolar vasodilation which results in low
systemic vascular resistance causing hypotension (2)
increased heart-rate (2) increased vascular leakage
and fluid loss from the intravascular space causing
hypovolaemia and (3) myocardial depression with
decreased myocardial compliance due to dilated and
poorly contractile ventricles (Parillo, 1989; Bridges
and Dukes, 2005).

Clinical observations indicate that, in a severe sepsis
case, the primary injured target is most often the
pulmonary microcirculation. Patients with these
clinical complications develop an increased
microvascular permeability of the endothelial barrier
and interstitial edema. Pulmonary edema diminishes
the compliance of the respiratory system and may
lead to respiratory failure.

According to Starling’s equation, capillary fluid
filtration is determined by the hydrostatic and
osmotic pressures gradient across the capillary wall.
To facilitate gas exchange, the lungs should stay dry

and consequently the balance in Starling’s forces is
generally in favour of fluid reabsorption. Pulmonary
edema occurs when there is fluid accumulation in the
interstitial space. This may be caused by an increased
capillary pressure (heart failure, arteriolar dilation),
increased vascular permeability (sepsis, traumatic
injury), decreased plasma oncotic pressure (liver,
kidney, nutrition) and eventually lymphatic blockage
(lymphedema). This paper is concerned with the
analysis of micro-circulatory alterations which are
known to occur in the lungs of patients developing
severe sepsis. The physiological model used here
combines a pulsatile model of the human
cardiovascular system with a compartmental model
of the pulmonary microvascular exchange. The
model is parameterized to simulate the hemodynamic
response of a patient under three different stages of
sepsis.  Quantitative descriptions of the relevant
changes in the physiological model parameters are
based on the clinician’s experiential knowledge.

This paper is organized as follows: First, the
physiological model describing the cardiovascular
system and the pulmonary microcirculation are
presented. The model is then used to simulate the



dynamics of the microvascular exchange of fluid and
proteins during the evolution of sepsis. The filtration
capacity (Ky) and the reflection coefficient (of) of the
lung capillary barrier are gradually increased and
decreased respectively to simulate different stages of
sepsis.

2. PHYSIOLOGICAL MODEL DESCRIBING THE
CARIOVASCULAR SYSTEM AND THE
PULMONARY MICROCIRCULATION

2.1 Cardiovascular system model

The cardiovascular system (CVS) model consists of
fourteen compartments including the systemic,
pulmonary, coronary and cerebral circulations (Denai
et al., 2005).

Each compartment consists of a compliant element
(C) and a resistance (R) as shown in Fig. 1.
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Fig. 1. Electric analog model ofa compartment.

The relationships between pressure (P), flow (Q) and
volume (V) in a compartment are given as follows:

P =(V; _Vio)/ci
Qi =(P =Py /R (1)
dv; /dt=Q; -Q;,

Each ventricle is modelled as time-varying elastance
E(t) using the following double Hill equation :
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The parametersn;, n;, o,T and a,T are obtained

E(t)=E,;, +E

max

from experimentally observed elastance curve.

2.2 Mathematical
microcirculation

model of the pulmonary

The model describing the lung microcirculation
consists of three compartments (Bert et al, 1984):
circulation, lung tissue and lymph as shown in Fig. 2.

The basic model has been modified so that it can
interact with cardiovascular system model.

In the microcirculation, fluid and protein balance is
maintained by hydrostatic and oncotic pressures
existing on either sides of the capillary barrier.
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Fig. 2. Compartmental model describing the microvascular
exchange.

Filtration takes place at the arteriolar side where
hydrostatic pressure is higher than plasma proteins
oncotic pressure whereas re-absorption occurs at the
venous side as hydrostatic pressure drops along the
capillary bed. The lymphatic system regulates this
transcapillary exchange by constantly draining fluid
and proteins from the interstitium back to the
circulation.

The coupling Starling equations describing the
transcapillary fluid and protein (k denotes albumin
and globulins) exchanges are given as follows

JV:Kf[(PC_Pi)'Gd(T[p'ni)] 3)
Joxk =PS, (Cp 'CAv,k)+(1'5F,k)Es,k Jv

Where PS, is the permeability-surface product (the
diffuse capacity of the membrane), o is the protein

reflection coefficient and C = (Cpx + Cav,«)/2. The
total tissue volume of fluid (interstitial and cellular)
is the difference between the input and output fluxes
such that

AV /dt =Ty - I “)
The protein concentrations of fluid leaving the tissue
and that forming the lymph are assumed identical.
Hence the rate of protein transfer through the lymph
is expressed as follows

dQry/ dt=1J.C i ()

The tissue protein content is calculated as follows
dQ /dt=Qq -Qpy (6)

and the tissue fluid volume available to a protein is
given by the following expression

Vavik =Vi-Vgg @)

Where V; =V, -V, and Vg is the excluded

volume which depends on protein size. The protein
concentration in lymph which has been approximated

to the protein concentration in the interstitial
compartment is given by the following equation:

Cox=Cix=Qc/V, 3



The effective concentration of protein which is
responsible for generating the oncotic pressure in the
interstitial compartment is based on the tissue
volume which is available to proteins and is
expressed as follows

Cavik =Qx/Vavik ©

This pressure is given as a function of the sum of the
concentrations of albumin and globulins (Bert and
Pinder, 1984).
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Fig. 3. Oncotic pressure versus plasma protein
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The interstitial compliance is defined by the
relationship P; = f(V,) and is plotted in Fig. 4 (Bert
and Pinder, 1984).
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Fig. 4. Interstitial compliance curve: P; = f(V,y).

The plasma protein concentrations are calculated
using a similar relationshipm, =f(C, +C,).
Where

C= Cp=—— 10
pa Vp pg Vp ( )
The plasma volume and protein contents in the

plasma are updated using mass balance principle.

dv,
_P_ _% (11)
dt dt
dQpa __ dQ;, dQpe _ dQi, (12)
dt dt dt dt

Finally, the total blood volume in the circulation is
Viiood = Vp + Vine, Vine denotes the volume of red
blood cells. The proportions of plasma and red blood
cells volumes have been set to V,, = 3400 ml and Vi,
= 2200 ml respectively in order to have a total blood

volume in the circulation of 5600 ml. The two
models are linked via the pulmonary capillary
pressure and through the circulation compartment

3. PHYSIOLOGICAL MODELING OF SEPSIS

Most of septic shock patients undergo alterations in
the cardiac function (ventricles contractility (E.y)
and heart rate (HR)) and peripheral vascular tone
(SVR) which directly affect the patient
cardiovascular hemodynamics. Furthermore, clinical
observations revealed that patients with septic shock
have a significantly higher filtration coefficient K¢
which may increase up to 6-fold during their stay in
ICU (Chris et al., 1998). In addition to increased
fluid permeability, microcirculatory dysfunction is
also associated with an increased leakage of proteins
into the interstitial space (Staub, 1981; Chris ef al.,
1998). The transcapillary transport of proteins is
described by equation (3). The reflection coefficients
Gra , O and the permeability-surface product are the
main parameters which characterize the protein
permeability of the capillary barrier.

The assumed changes in the underlying physiological
model parameters are summarized in Tables 1 and 2.

Table 1 Quantitative description of the circulatory
parameters in sepsis

Mild Moderate Severe

HR 80 90 110
Emax normal $30% $30%
SVR  120% 135% 450 %

Table 1 Quantitative description of the microvascular
parameters in sepsis

Mild Moderate Severe
K¢ normal 150 % 1100 %
OFa normal $259% 450 %
OFq normal 120% 140 %

4. SIMULATION RESULTS

The cardiovascular system model parameters
correspond to a human subject of 75 Kg, a total
blood volume of 5600 ml and a heart rate of 75
beats/min have been adapted from (Masuzawa et al.,
1992). The values of the parameters corresponding to
normal human lungs are listed in the Appendix (Bert
and Pinder, 1984). An integration step size of 0.005
sec was used throughout.

4.1Simulation under normal conditions

All the parameters are set to their nominal values.
Fig. 5 shows the simulated left and right ventricle
pressures and the aortic and pulmonary pressures
related to a normal subject.
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Fig. 5. Simulated left and right ventricles, aortic and
pulmonary pressures of a normal subject.

The oncotic model describing the dynamics of the
pulmonary microcirculation requires initial values
for the extravascular volume and proteins contents
which are set to Ve = 300 ml, Q,=5.93 g and Q, =
2.48 g respectively. Fig. 6 and 7 show the transient
response of the volume, oncotic pressure, hydrostatic
pressure and protein concentration in the plasma and
the interstitial space respectively.
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Fig. 6. Transient responses of V,, m,, P, and C,,.
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Fig. 7. Transient responses of V;, m;, P; and C,,.

The steady-state normal values of the parameters are
listed in Table 3. All the values compare favourably

with published data for human lungs (Bert and
Pinder, 1984; Roselli ef al., 1984).

Table 3 Steady-state oncotic model parameter values

m, = 25mmHg T = 16.8mmHg
Cpa = 42g/ml Cawa = 36.5g/ml
Cpe = 27.8g/ml Cag = 20g/ml

P. = 13 mmHg P; = -2.8 mmHg
V, = 3390ml Vi = 392ml

4.2 Simulation under septic conditions

The physiological model parameters are varied
according to Fig. 8 to simulate the hemodynamic
alterations in a patient going through the three
different stages of sepsis. Similar patterns are applied
to the pulmonary oncotic model parameters Ky, o,
and or,. All these parameters changes are allowed to
occur simultaneously throughout the assumed septic
stages.
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Fig. 8. Simulated parameters changes under sepsis
conditions.

The hemodynamic responses to these
pathophysiological conditions are shown in Fig. 9.
There is a fall in the circulating blood volume due the
increasing permeability of the capillary barrier. This
contributes to the marked increase in the cardiac
output (CO). A decrease in arteriolar and venous
tones results in a systemic hypotension and increased
venous capacity respectively. In reality, these
alterations may vary at different vascular beds, which
lead to a maldistribution of blood flow in the
circulation and subsequent cascaded organs
dysfunction at a later stage.
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Fig. 9. Cardiovascular hemodynamic reponses under
sepsis.



The steady-state hemodynamic data for simulated
non-septic and septic patients are listed in Table 4.

Table 4 Hemodynamic data for simulated non-
septic and septic patients.

Non- Septic

septic Mild Moderate  Severe
CcoO I/min 5.2 5.8 6.5 7.8
MAP mmHg 94.0 81.0 68.0 55.4
HR beats/min 75.0 80.0 90.0 110.0
MPAP mmHg 22.4 23.8 23.8 23.5
CVP mmHg 7.1 7.7 8.5 8.9
PCP mmHg 13.0 13.4 13.7 13.6

SVR dyn.s.cm™ 1409.5 11053 842.9 566.9

Microvascular changes in the pulmonary circulation
are shown in Fig. 10 and 11. As the capillary barrier
becomes more permeable to plasma fluid and
proteins, hydrostatic and oncotic pressures in the
interstitial compartment are expected to increase.
The gained fluid volume and proteins in the
interstitial space contribute to an expansion of the
extracellular volume (Fig. 11). There is a slight
increase in the pulmonary capillary hydrostatic
pressure due to the increase in the cardiac output.
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Fig. 10. Transient responses of V,, m,, P and C,
under sepsis.
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Fig. 11. Transient responses of V;, m;, P; and C,,
under sepsis.

Lung fluid balance is determined by the net fluid
flow (Jy — J.) which should be equal to zero so that a
tissue fluid volume is maintained constant. As
filtration flow Jy increases, the flow of the lung’s
lymphatic system J; will increase to conserve a zero
net fluid flow. As shown in Fig. 12, there is a time

lag between Jy and J. which causes fluid to
accumulate in the lungs (Drake et al., 1987).
However, if the filtration rate exceeds the transport
capacity of the lymphatic system, fluid accumulation
in the interstitial compartment is increased and leads
to pulmonary edema.
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Fig. 12. Inter-compartmental fluid flows

4.3 Severe sepsis with lymphedema

Other physiological conditions can be simulated such
as changes in lymph flow characteristics to
characterize different forms of lymphedema. The
lymphatic pumping capacity is modulated by Vtot
through the linear relationship given in the Appendix.
Fig. 13 shows the effects of decreasing the lymphatic
flow by 10% and 20% respectively. The model
parameters are those related to severe sepsis
conditions. There is an increased interstitial volume
expansion due to the decreased lymphatic pumping
capacity and this contributes to edema accumulation.
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5. CONCLUSIONS

The modelling and simulation studies presented in
this paper aimed at analyzing the mechanisms which
affect the pulmonary microcirculation during
different stage of sepsis. The physiological model
structure proposed herein represents a useful
approach for understanding sepsis-induced organ
dysfunctions and their effects on the cardiovascular
hemodynamics.



The present investigation concentrated on those
factors characterizing the permeability of the lung
microcirculation during the evolution of severe
sepsis. The model simulated successfully the
contribution of these factors to the development of
clinical symptoms of severe sepsis such as capillary
leakage, pulmonary edema and hypovolemia. Data
collection from real patients in cardiac ICU is under
way which will help tune the model parameters and
validate its implementation into a decision support
system for the management of septic shock patients.
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APPENDIX
Nomenclature

CO  cardiac output

HR  heart-rate

MAP mean arterial pressure

MPAP mean pulmonary arterial pressure
CVP central venous pressure

PCP pulmonary capillary pressure
SVR systemic vascular resistance

P, capillary hydrostatic pressure

P; interstitial hydrostatic pressure

T, capillary oncotic pressure

m interstitial oncotic pressure

Iy fluid flux from plasma into tissue (ml/hr)
g protein flux from plasma into tissue(g/hr)

I lymph flow (ml/hr)

Vit total extravascular volume (ml)

Vi interstitial fluid volume (ml)

Vv  interstitial volume available to protein (ml)
Vg excluded volume (ml)

Ve cellular volume (ml)

Q protein content of interstitial fluid (g)
dQ/dt rate of protein transfer (g/hr)
Qr  protein flux from tissue to lymph

C,  protein concentration in plasma

C; protein concentration in tissue

Cav  protein concentration in tissu based on Vv
CL  protein concentration in lymph

K¢ fluid filtration coefficient (ml/hr.mmHg)
G4 fluid reflection coefficient

OF protein reflection coefficient

PS  permeability surface area

Parameter values for normal human lungs.

Ky 1.12 ml/hr.mmHg
G4 0.75
Vcell 150 ml
L 0.17V — 55.6
PS, 3.0 ml/hr
OFa 0.4
VEa 73.5 ml
PS, 1.0 ml/hr
OFg 0.6
Vg, 115.5 ml
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