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Abstract

A cardiovascular system model and parameter identification method have
previously been validated for porcine experiments of induced Pulmonary Em-
bolism and positive end-expiratory pressure (PEEP) titrations, accurately
tracking all the main hemodynamic trends. In this research, the model and
parameter identification process are further validated by predicting the ef-
fect of intervention. An overall population-specific rule linking specific model

parameters to increases in PEEP is formulated to predict the hemodynamic
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effects on arterial pressure, pulmonary artery pressure and stroke volume.
Hemodynamic changes are predicted for an increase from 0 to 10ecmH,O
with median absolute percentage errors less than 7% (systolic pressures)
and 13% (stroke volume). For an increase from 10 to 20cmH>0O median
absolute percentage errors are less than 11% (systolic pressures) and 17%
(stroke volume). These results validate the general applicability of such a
rule, which is not pig-specific, but holds over for all analyzed pigs. This rule
enables physiological simulation and prediction of patient response. Overall,
the prediction accuracy achieved represents a further clinical validation of
these models, methods and overall approach to cardiovascular diagnosis and
therapy guidance.

Keywords: cardiovascular system, cardiac model, parameter identification,

integral method, PEEP, hypovolemia

1 Introduction

Circulatory dysfunctions and disease account for a significant number of ICU
admissions. For example, a recent study found that 58% of ICU admissions
for patients aged 65-74 years in Olmsted County, Minnesota were due to

cardiovascular dysfunction, with a further 17% due to respiratory disease [1].



The treatment and management of this large group of patients is significantly
affected by the difficulty in monitoring and managing circulatory status and

affectivity.

However, cardiac disease states are highly patient-specific, such that ev-
ery patient has a unique expression of the disease or dysfunction. They are
thus difficult to accurately diagnose given the sometimes limited measure-
ments available and the body’s natural reflex responses to restore circulatory
equilibrium, both of which can mask the underlying symptoms. Clinical
staff must therefore consider many combinations of different disease scenar-
ios based on frequently conflicting patient data, including clinical history
and non-invasive and/or invasive studies [2]. Hence, successful diagnosis and
treatment often rely on the experience and intuition of clinical staff, increas-
ing the likelihood for clinical error, which is common with rates up to 50%
3, 4].

Tools for diagnosis and guiding therapy can help reduce variation and
provide a more consistent care. Computerized protocols have thus become
more widespread as they can be applied to complex clinical problems to
create patient-specific therapy instructions [5, 6]. A cardiovascular (CVS)

model could be integrated into the clinical decision making process by offering



clinicians the possibility of not only assisting in diagnosing, but also providing
a model-based means to test different therapeutic procedures and their likely
effect on the patient. Hence, treatment could be optimized for each patient

and unnecessary interventions avoided.

A previously published integral-based parameter identification method [7]
has been shown to successively identify pig-specific parameters for a minimal
cardiac model [8]. These models and methods were further validated using a
porcine experiment of PEEP titrations at different volemic levels [9], where
the model’s ability to capture the impact of pressure-volume changes with

positive end-expiratory pressure (PEEP) and fluid therapy was shown.

PEEP is an operator-controlled variable that can be set during mechanical
ventilation. The correct value of PEEP can be beneficial or detrimental
for the patient dependent on how it is used. More specifically, in patients
with lung injury, high PEEP levels may be necessary to maintain or restore
oxygenation and for each individual patient the right balance between too
much and too little PEEP has to be found. Too little PEEP may result
in airway or alveolar collapse, whereas too much PEEP can cause alveolar
overdistention and hemodynamic problems such as a reduction in cardiac

output (CO).



This research is a further validation of the overall diagnostic monitoring
approach and extends the previously described methods. It illustrates one
method for using this CVS model and integral-based parameter identification
for therapy guidance and decision support by forward simulating the expected
patient response to different interventions. Thus, this research provides a
predictive validation of the model’s capability and efficiency in a decision
support role, rather than a physiological data matching validation. More
specifically, general rules are developed relating to specific model parameters
such that the model can then be used to predict the general patient response
to increases in PEEP from 0 to 10cmH>0O and from 10 to 20cmH>O during

different volemic states.

2 Methodology
2.1 CVS model

The CVS model employed is a lumped parameter model based on earlier work
[8, 10-13]. This original model consisted of six elastic chambers, including
two active chambers for the left and right ventricles. These pressure-volume
chambers are each characterized by the flow in and out of the chamber, the

pressure up- and downstream, the resistances of the heart valves, and inertia



of the blood.

This original model has been extended and an overview of the new, ex-
tended model is given in Figure 1. The new model includes one compartment
for the lung capillaries and a second for the body capillaries, thus separating
the venous and arterial systems and resistances. This differentiation is critical
when examining heart-lung interactions during positive pressure ventilation

(PPV), especially when considering the application of different PEEP levels.

More specifically, increases in intrathoracic pressure (Py,) due to PEEP
cause right ventricular preload to decrease by increasing the resistance to
venous return (R,,). As a result, left ventricular afterload also decreases
during PEEP as the pressure on the surface of the left ventricle is increased
[14, 15]. This LV afterload reduction is represented in the model as a decrease
in systemic resistance (Rsys). One can see, that two resistances on either side,
the arterial and venous side, are necessary to correctly simulate the complex
behaviors clinically observed during mechanical or spontaneous breathing.
Note also that the original models use of a single resistor would not be able

to accurately capture or predict this behaviour [11].



2.2 Volume Calculations

The parameter identification process uses the two ventricle volumes as input
signals to accurately determine some of the parameters [7]. More specifically,
the end-diastolic and end-systolic ventricle volumes (EDV, ESV) are needed.
However, these volume measurements are usually not available in a clinical
environment and thus need to be estimated from the readily available data.
Currently, the LVEDV and RVEDV are estimated based on an estimated
total blood volume (TBV) and the measured global end-diastolic volume
(GEDV). As the stroke volume (SV) is a measured variable, ESV can be

calculated by subtracting SV from EDV.

The total blood volume is estimated as 85 ml/kg, with 25 ml/kg be-
ing stressed volume and 60 ml/kg unstressed volume [16, 17]. GEDV is
the total end-diastolic volume of the left and right ventricle and the two
atria, and is directly measured using the PiCCO monitor (Pulsion Medical
Systems, Munich, Germany). The remaining model volumes are estimated
based on known blood distributions [18, 19]. Importantly, the volume in the
pulmonary capillary and vein compartments (V.qp, V,») are given by the pul-
monary blood volume (PBV) which is approximated as GEDV/4 [20]. The

volumes in the aorta and pulmonary artery are also directly given, as the



pressures P,, and F,, are measured and the elastances E,, and E,, are pre-
calculated and remain fixed during the identification process. More details

of the general identification process can be found in [9].

2.3 Parameter Identification

Model parameters are identified based on a previously described integral-
based parameter identification method [7, 8]. Briefly, to uniquely determine
the parameters, the model equations are transformed using integrals. The
integral-based parameter identification method is extended to rapidly identify
the patient specific parameters from limited discrete data. The assumed

measured or estimated data are the:

e discrete minimum and maximum values of the pressure in the aorta
(Pao,ma:m Pao,min)
e discrete minimum and maximum values of the pressure in pulmonary

artery (Ppa,max, P, pa,mm)

e mean central venous pressure (C'V Pean)

discrete maximum and minimum volumes of the left and right ventricles

(Viv,maan VZU,mina V;"U,maxa ‘/rv,min)



As the waveforms are not known, the integral method of [7] cannot be
directly applied. However, waveforms can be artificially generated by scaling
a set of previously calculated model outputs to best fit the maximal and min-
imal measured data values for the pressures and volumes. The assumption
is that these waveforms are reasonably conformable with the actual clinical

case based on prior physiological model validation studies [8, 11, 13].

These scaled waveforms are then re-identified and a new CVS forward
simulation is performed with the newly identified parameters. This simulated
output is then compared to the clinical data. Subsequently, the output signals
are re-scaled and a further set of new parameters are identified and used to
run another simulation. This iterative process is stopped when the relative
error between model output and clinical data reaches a set tolerance. More

details can be found in [7-9].

2.4 Prediction process and PEEP-specific model pa-
rameters

As shown previously, the CVS model parameters can be obtained accurately
and repeatably for the porcine experiment of PEEP titrations [9]. Further-
more, very good correlations were found between specific model parameters

and specific output signals [9]. These initial good results allow the assump-



tion that an overall rule can be created that links changes in PEEP to corre-
sponding changes in specific CVS model parameters. A general rule that is
true for all studied pigs would allow the implementation of PEEP-specific pa-
rameters that change according to the currently applied PEEP. Such PEEP-
varying parameters would enable more realistic and physiologically correct
simulation of the cardiovascular system with the potential for using such

forward simulations for diagnosis and therapy decision support.

The rules for PEEP-specific parameters are obtained by examining the
percentage changes in the CVS model parameters for pig 1 during the differ-
ent PEEP settings and volemic levels. As it is assumed, that the CVS model
parameters are identified reliably, it can be expected that the rules obtained
from only one pig also hold true for predicting the response of the remaining
pigs. These parameter changes can however also be explained by reflecting
on the known physiological effects of mechanical ventilation and especially
PEEP on the circulation. Specifically, during the application of positive
pressure ventilation (PPV) with PEEP, intrathoracic pressure increases and
venous return is decreased. This decrease occurs not by altering the pres-

sure gradient (Ps,s — P,), but by increasing the resistance to venous return

R, [14, 15]. Hence, different PEEP levels should result in different values

10



for R,.. More specifically, R,, should increase during elevated PEEP levels.
Furthermore, it is also known that right ventricular afterload increases dur-

ing PPV [14, 15], so one would expect R, to also increase with increasing

levels of PEEP.

2.5 PEEP experiment study protocol

2.5.1 Instrumentation, Monitoring and Interventions

The experiment was approved by the Danish National Animal Ethics Com-
mittee and data from six 20-22 kg pigs was analyzed for this research. Note,
that the data obtained from 1 pig were not included in the study, as this
pig had corrupted arterial pressure measurements for some volemic states,
which prevented a reasonable prediction for this particular pig. A detailed
description of the anesthesia, ventilation, instrumentation, monitoring pro-
cedure and performed interventions has been published in [21] and a brief

overview of the study protocol and interventions is also given in [9].

3 Results

3.1 PEEP-specific changes in resistances and volumes

Table 1 shows how the CVS model identified parameters are affected by

changes in PEEP from 0 to 10cmH,0 and from 10 to 20cmH,O. The per-

11



centage changes represent values obtained from pig 1 as studied as detailed in
[9]. The CVS model volumes are calculated for PEEP 0cm H,0O as described
previously [9]. Table 2 shows how the volumes are then adjusted for predict-
ing the volume changes for PEEP of 10 and 20cmH>O, respectively. These
values were obtained by observing the model identified volume changes, but
could also be explained by expected physiological PEEP-induced changes

[16, 22] and direct examination of the data.

3.2 Prediction of arterial pressures and stroke volume

Predictions are made using data identified at PEEP of Ocm H,O for each pig.
The estimated PEEP-specific parameter and volume changes in Tables 1 and
2 are used to predict changes in a given pigs model parameters and initial
volume conditions. The modified PEEP-specific parameters are then used to
simulate the therapy intervention with results compared to the clinical data.

Figure 2 shows the prediction results obtained for all pigs. In the upper
panel, the predicted stroke volume (SV) is displayed with a cross, whereas
the measured clinical values are shown as a dotted line. Predictions were
made for PEEP values of 10 and 20cmH50O for the different volemic levels

of normovolemia (N and I1), hypovolemia (H) and the two infusion-induced

12



hypervolemic states (I2 and I3). Note that the values for PEEP of 0cm H,O
are not shown as no predictions were performed for these PEEP values. The
middle panel shows the predicted (cross) versus clinical (dotted line) systolic
arterial pressure values (SAP) and the lower panel shows the results for
predicting systolic pulmonary artery pressure (SPAP). Table 3 summarizes
the prediction results for all 6 pigs and gives the median and maximum
absolute percentage errors and the interquartile range (IQR) for predicting
stroke volume (SV), systolic arterial pressure (SAP) and systolic pulmonary

artery pressure (SPAP).

4 Discussion

It is well known that PEEP often reduces venous return (VR) and thus car-
diac output (CO). Recent publications suggest that the main effect by which
PEEP decreases venous return is by increasing the resistance to venous re-
turn (R,,) [14, 15]. Hence, different PEEP levels should result in different
values for R, or more specifically, R,, should increase during elevated PEEP.
Table 1 shows how R,, is increased with increasing PEEP values, matching
physiological expectations. Furthermore, it is also known that right ventricu-

lar afterload increases during PPV [14, 15], so one would expect Ry, to also

13



increase with increasing levels of PEEP. Analogously, the parameter changes

for LV afterload (Rsys) and LV preload (Rpuout) can be derived.

All other parameter changes can be explained similarly. Thus, for exam-
ple, increasing arterial elastance values (E,, and E,,) are observed during
the PEEP titration experiment and are expected because the pulse pres-
sure/stroke volume ratio (PP /SV) determines the arterial elastances and dur-
ing PEEP, stroke volume decreases more than pulse pressure does. Venous
elastances (£, and E,,) are assumed to increase as well because positive end-
expiratory pressure elevates the transpulmonary pressure which compresses
the large intrathoracic veins and right atrium. Note however that the sys-
temic elastance (E,,) remains constant as it has been shown that increases
in PEEP decrease unstressed volume and thereby increase stressed volume

with no change in compliance [23].

It can also be expected, that the pericardium becomes stiffer (diastolic
elastance Fy,.q increases) with increasing levels of PEEP, as the heart be-
comes more and more compressed by the expanding lung and pressurized
thoracic cavity. Similarly, E..,, the lung capillaries elastance is expected
to increase with falling pulmonary blood volume (PBV) values and thus de-

creases in compliance. Note, that R, remains constant during hypovolemia,

14



assuming a compensation caused by an increased sympathetic activity in re-
sponse to the blood loss. Table 1 shows these parameter variations matching

clinical observations in their general trends.

Changes in the volumes can be similarly explained. As GEDV decreases
with increasing PEEP levels, it can be followed that LVEDV and RVEDV
have to decrease, as well. V},, and V.4, are expected to decrease as given by
the drop in pulmonary blood volume. Note, that Vs remains constant as
blood is shifted centrally to help maintain CVP. However, V;,; is simulated
to slightly decrease during hypovolemia, as hypovolemia inhibits fluid reab-
sorption due to high capillary pressures [22]. Table 2 shows the general trend

of these volume variations.

Figure 2 and Table 3 show how the CVS model and these PEEP-specific
variable changes were able to predict the main trends in the clinically rel-
evant systolic and diastolic arterial pressures (SAP, DAP), systolic and di-
astolic pulmonary artery pressures (SPAP, DPAP) and stroke volume (SV).
Note, that starting from only one pig it has been shown that a general popu-
lation rule, valid over all studied pigs, can be formulated and used to predict
hemodynamic changes, thus showing that all pigs react along similar trends.

This assumption makes sense as the pigs were healthy and no other diseases

15



or hemodynamic instabilities were induced. Overall, the prediction error re-
sults are within clinical variation and close to measurement error in some
cases. These results thus show the general applicability of this CVS model
and methods to predictively capture the main hemodynamic trends due to

this often applied intervention over a number of different pigs.

4.1 Study Limitations

It has to be mentioned that for this research all model volumes had to be
estimated, based only on an estimated TBV and measured GEDV. This
approximation naturally introduces a potentially significant degree of uncer-
tainty and possible source of model error. As can be seen in Figure 2 the
prediction results during normo- and hypovolemia are relatively good with
median absolute percentage errors less than 6% for the arterial pressures
and less than 10% for the stroke volume. However, the prediction results
are not that good for the hypervolemia states, suggesting a model error. In
particular, the approximated volumes and any error they contain may well
be exacerbated in this case. Further research will thus need to be conducted
to better model or estimate the different volume compartments, especially

during hypervolemic states.
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5 Conclusion

The integral-based optimization led to the successful definition of PEEP-
specific population parameters for a minimal cardiac model. These PEEP-
specific population values were used to validate the predictive ability of the
model for use in guiding this often used therapy. This further validation
shows the ability of the model to adequately and realistically simulate the
impact of pressure-volume changes with PEEP and fluid therapy. Moreover,
such rules can be similarly derived and used to predict the response towards
a variety of interventions, while errors or deviations from can point out de-

veloping disease states or hemodynamic instabilities.
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Figure 1: Extended CVS model overview which includes additional compart-
ments P, Vy,s and P, V,,, to differentiate the arterial and venous sides of the
pulmonary and systemic circulation.
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PEEP-specific parameter changes

Parameter | 0cmmH50 = 10emH50 | 10emH,0 = 20em H,O
E,. plus 10% plus 20%
Epa plus 10% plus 60%
E,. plus 10% plus 10%
Ep, plus 5% plus 5%
Rgys minus 10% minus 10%
R, plus 30% plus 50%
Rpuiin plus 40% plus 60%
Ryuiout plus 15% plus 30%
Eeap plus 40% plus 50%
Pped plus 10% plus 10%

Table 1: Parameter changes for forward simulating changes in PEEP from 0

to 10ecmH50O and from 10 to 20cmH50.

PEEP-specific volume changes

Volume | 0emH,0 = 10emH-0 | 10emH,0 = 20emH,0O
Viw minus 25% minus 25%

Vi minus 20% minus 20%

Viw minus 30% minus 30%

Voe minus 30% minus 50%

Via minus 10% minus 35%

Vo minus 25% minus 50%

Viys plus 2% plus 2%

Veap minus 2% minus 2%

Table 2: Volume changes for forward simulating changes in PEEP from 0 to

10cmH50O and from 10 to 20cmH,0.
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Prediction of PEEP-induced hemodynamic changes

All pigs, PEEP 10 SAP | DAP | SPAP | DPAP | SV
median 6.65 | 9.80 |4.24 |594 12.24
max 22.62 | 31.89 | 12.92 | 18.71 | 38.95
iqr 7.64 | 11.14 | 3.78 5.52 13.05
All pigs, PEEP 20 SAP | DAP | SPAP | DPAP | SV
median 10.47 | 12.99 | 6.51 7.14 16.86
max 30.69 | 33.82 | 12.82 | 18.24 | 33.61
iqr 13.26 | 14.03 | 6.98 5.25 13.08
All pigs, all predictions | SAP | DAP | SPAP | DPAP | SV
median 7.93 | 11.52 | 4.62 7.02 14.49
max 30.69 | 33.82 | 12.92 | 18.71 | 38.95
iqr 8.10 | 13.86 | 5.54 | 8.40 12.58

Table 3: Absolute median and maximum percentage error and interquartile
range (iqr) for predicted values of SAP/DAP = systolic/diastolic arterial
pressure, SPAP/DPAP = systolic/diastolic pulmonary artery pressure and
SV = stroke volume.
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Figure 2: Model prediction (cross) %E clinical (dotted line) pressures and
volumes for pig 1-6 for PEEP 10 and 20cmH,0O. The upper panel shows
the stroke volume (SV), the middle panel shows the systolic arterial pressure
(SAP) and the lower panel shows the systolic pulmonary artery pressure
(SPAP).



