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Abstract

Positive end-expiratory pressure results in a sustained positive intrathoracic pressure,

which exerts pressure on intrathoracic vessels, resulting in cardiopulmonary interactions.

This sustained positive intrathoracic pressure is known to decrease cardiac preload, and

thus, decrease venous return, ultimately reducing both the stroke volume and stressed

blood volume of the cardiovascular system. Currently, cardiovascular and pulmonary care

are provided independently of one another. That positive end-expiratory pressure alters

both stroke volume and stressed blood volume suggests both the pulmonary and cardiovas-

cular state should be conjointly optimised. Optimising these systems in isolation may benefit

one system, but have highly detrimental effects on the other. A combined cardiopulmonary

model has the potential to provide a better understanding of patient specific pulmonary and

cardiovascular state, as well as resulting cardiopulmonary interactions. This would enable

simultaneous optimisation of all cardiovascular and pulmonary parameters. Cardiopulmo-

nary interactions are highly patient specific and unpredictable, making accurate modelling of

these interactions challenging. A previously validated cardiopulmonary model was found to

have increasing errors at high positive end-expiratory pressures. A new iteration, the alpha

model, was introduced to resolve this issue. This paper aims to review the alpha model

against its predecessors, the previous cardiopulmonary model, and the original three cham-

ber cardiovascular system model. All models are used to identify cardiovascular system

parameters from measurements of 4 pigs during a preload reduction manoeuvre. Outputs

and parameter estimations from models are compared to assess the relative performance

of the alpha model against its predecessors. The novel alpha model was able to reduce

model errors under high positive end-expiratory pressure, resulting in more accurate model

outputs. At high positive end-expiratory pressures (20cmH2O), the alpha model had an

average error of 11.24%, while the original cardiopulmonary model had a much higher error

of 52.21%. Furthermore, identified outputs of the alpha model more closely matched those

of the 3 chamber model than the previous cardiopulmonary model. On average, at high posi-

tive end-expiratory levels, identified model parameters from the alpha model showed a

6.21% difference to those of the 3 chamber model, while the cardiopulmonary model dis-

played a 39.43% difference. The alpha model proved to be more stable than the original car-

diopulmonary model, making it a good candidate for model based care. However, it
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produced similar parameter outputs to the simpler three chamber cardiovascular model,

bringing into question whether the additional complexity is justified, especially considering

the low availability of clinical data in the ICU. There is a critical need for model based care to

guide important procedures in ICU, such as fluid therapy. Candidate models should be con-

tinuously reviewed in order to guarantee the best possible care.

Introduction

The respiratory system is known to cause cardiopulmonary interactions, occurring during the

respiratory cycle. As the lungs inflate, they fill the thoracic cavity, pushing on the heart and

intrathoracic blood vessels. Furthermore, positive pressure ventilation (PPV) and positive

end-expiratory pressure (PEEP) result in a sustained positive intrathoracic pressure (ITP),

exerting further forces on intrathoracic vessels. The resultant effects on the cardiovascular sys-

tem (CVS) are highly complex and unpredictable, due to their highly patient-specific nature

and complex mechanical etiology [1–6]. This unpredictable and patient-specific nature of car-

diopulmonary interactions presents a difficult challenge for model-based cardiovascular moni-

toring and decision support in the ICU.

While model-based decision support is an emerging field [7], cardiovascular decision sup-

port for fluid administration to improve SBV and avoid excessive fluid administration is an

important clinical area which has not been well-studied [8]. Excessive fluid administration

also significantly impacts lung mechanics and function, and thus mechanical ventilation. The

inter-relationship between cardiovascular system management and pulmonary system man-

agement is thus stronger, and both need to be accounted for in any decision support so their

model-based management can be jointly achieved and optimised.

Initially, a simple 3 chamber model was presented as a potential candidate to provide

model-based care in the ICU [7, 9]. However, this model excludes the pulmonary circulation

and thus can not incorporate cardiopulmonary interactions. Therefore, a simple, clinically val-

idated single chamber respiratory model [10–16] was coupled with the three chamber model,

allowing cardiopulmonary interactions to be investigated [17, 18]. The coupling was achieved

by subjecting the intrathoracic chambers of the 3 chamber model to ITP calculated from the

respiratory model. However, the model suffered from increased model errors under high

PEEP conditions due to exaggerated effects of ITP on the venous chamber. Recently, Cushway

et al investigated improving this cardiopulmonary model [19] by adding a novel α parameter

modulating applied ITP to intrathoracic chambers to reduce model errors.

This paper aims to assess the clinical relevance of the model and its novel parameter, and

validate it against its predecessors, the 3 chamber model [7, 9] and the original cardiopulmo-

nary model [17, 18].

Methods

Cardiopulmonary model

The cardiopulmonary model couples two previously clinically validated models, a 3 chamber

cardiovascular model [7, 9, 17, 18], and a single chamber respiratory model [10–13]. The mod-

els are coupled through thoracic pressure, as seen in Fig 1.
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During mechanical ventilation (MV), airway flow is determined using Ohm’s law:

QawðtÞ ¼
PawðtÞ � PlungðtÞ

Raw
; ð1Þ

where Paw is the airway pressure supplied by the ventilator, Plung is the lung pressure and Raw is

the airway resistance. The lung is a passive chamber, and the lung pressure can thus be

defined:

PlungðtÞ ¼ ErsVlungðtÞ þ PEEP ð2Þ

where Vlung is the lung air volume and Ers is the respiratory system elastance.

Respiratory system elastance is comprised of lung elastance and chest wall elastance:

Ers ¼ Elung þ Ewall ð3Þ

Lung volume is determined by airway flow and PEEP:

VlungðtÞ ¼
Z

QawðtÞdt þ
PEEP

Ers
ð4Þ

where the integral of airway flow,
R

Qaw(t)dt, produces the tidal volume, Vc(t).

Fig 1. Coupled cardiopulmonary model. Coupled cardiopulmonary model with intra-thoracic pressure, Pth, applied to the

vena cava and left ventricle.

https://doi.org/10.1371/journal.pone.0306925.g001
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Airway flow and pressure, and lung volume are provided by the ventilator. Substituting Eqs

2 into 1 yields airway pressure:

PawðtÞ ¼ RawQawðtÞ þ ErsVlungðtÞ þ PEEP ð5Þ

The two parameters of the system, Raw and Ers, are identified via multiple linear regression

of measured ventilator data.

ITP is directly proportional to lung volume and chest wall elastance:

PthðtÞ ¼ EwallVlungðtÞ ð6Þ

Substituting Eqs 4 into 6, thoracic pressure can be expressed:

PthðtÞ ¼ EwallVcðtÞ þ PEEP
Ewall

Ers
ð7Þ

The coupling between the respiratory and cardiovascular system models is achieved by sub-

jecting intrathoracic chambers, namely the vena cava and left ventricle, to the ITP determined

in Eq 7.

The aortic and vena cava chambers of the 3 chamber model are modelled as passive elastic

chambers. Hence their pressures are dependent on their stressed volume and elastance:

PaoðtÞ ¼ EaoVsao ð8Þ

PvcðtÞ ¼ EvcVsvc ð9Þ

Where Pao, Eao and Vsao represent aortic pressure, elastance and stressed volume respec-

tively and Pvc, Evc and Vsvc represent vena cava pressure, elastance and stressed volume,

respectively.

The left ventricle is an active chamber modelled using time varying elastance [20]:

PlvðtÞ ¼ eðtÞElvVslv ð10Þ

Where e(t) is the driver function creating time-variance. The driver function used in this

work is taken from [21].

Thoracic pressure acts to decrease the transmural pressure of vessels and chambers located

within the thoracic chamber. The stressed volume of a chamber is governed by its transmural

pressure [3, 22, 23]. With applied ITP, vena cava and left ventricle pressures are re-defined:

PvcðtÞ � PthðtÞ ¼ EvcVsvc ð11Þ

PlvðtÞ � PthðtÞ ¼ eðtÞElvVslv ð12Þ

where the thoracic pressure, Pth(t), decreases the transmural pressure of the vessels.

The flow into each of the chambers is modelled using Ohm’s law. Systemic flow is accord-

ingly defined:

QsysðtÞ ¼
PaoðtÞ � PvcðtÞ

Rsys
ð13Þ
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The flows in and out of the heart are controlled by valves, and are thus represented using

piecewise functions:

QoðtÞ ¼

PlvðtÞ � PaoðtÞ
Ro

PlvðtÞ > PaoðtÞ

0 else

8
><

>:
ð14Þ

QiðtÞ ¼

PvcðtÞ � PlvðtÞ
Ri

PvcðtÞ > PlvðtÞ

0 else

8
><

>:
ð15Þ

The rate of change of stressed volume for each chamber is given by the difference of input

and output flow:

_V saoðtÞ ¼ QoðtÞ � QsysðtÞ ð16Þ

_V svcðtÞ ¼ QsysðtÞ � QiðtÞ ð17Þ

_V slvðtÞ ¼ QiðtÞ � QoðtÞ ð18Þ

The CVS is a closed system and its total rate of change of volume is zero, yielding:

_V slvðtÞ þ _V saoðtÞ þ _V svcðtÞ ¼ 0 ð19Þ

Integrating Eq 19 gives the constant stressed blood volume for the system, Vs3 :

Vs3 ¼ Vslv þ Vsao þ Vsvc ð20Þ

Alpha model

The original cardiopulmonary model suffered reliability issues under high PEEP conditions

[17–19]. This issue was likely due to exaggerated ITP applied to the vena cava chamber, as the

vena cava is modelled as being entirely intrathoracic, where, in reality, only a small portion of

the venous blood reservoir lies in the thoracic chamber. From Eq 11, Pvc must exceed ITP

(Pth), or the equation would yield a negative value for stressed blood volume, which is not

physiologically possible. The alpha model was consequently created by adding an α parameter

to modulate the percentage of ITP applied to the vena cava and left ventricle to reduce these

errors, yielding [19]:

Pvc ¼ EvcVsvcðtÞ þ aPthðtÞ ð21Þ

PlvðtÞ ¼ eðtÞElvVslvðtÞ þ aPthðtÞ ð22Þ

where α represents the fraction of thoracic pressure transmitted to the vena cava and left ven-

tricle. However, the value of α has only limited direct physiological relevance, even if model

errors are reduced.

The final alpha model includes 10 cardiopulmonary parameters from the CVS and respira-

tory system models, as well as α for adjusting applied ITP. The final parameter vector is sum-

marised in Table 1.
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Nominal parameters

Nominal parameter values are required for parameter identification. Where possible, parame-

ters were identified using model equations and measurements. Where measurements were

unavailable, values from the literature were used. A summary of the equations for each param-

eter is defined in Table 2.

Parameter subset. To ensure practical identifiability [25, 26], a common subset of sensitive

parameters was chosen for optimisation for all pigs. The subset used in this work is from [19]:

Psubset ¼ ½Eao;Elv;Rsys; SBV� ð29Þ

Output vector

The output vector used in this work is the same used from [19]:

Xoutput ¼ ½
�PaoðtÞ; DPaoðtÞ; �PvcðtÞ; DPvcðtÞ; �V lvðtÞ; SV;DmaxðPaoðtÞÞ� ð24Þ

where �PaoðtÞ and ΔPao are mean and pulse aortic pressure, �PvcðtÞ and ΔPvc are mean and pulse

vena cava pressure, �V lvðtÞ and SV are mean left ventricular volume and stroke volume, and

Δmax(Pao(t)) is the maximum change of peak aortic pressure over a respiratory cycle.

Error function. The error function is a measure of accuracy for identified model outputs.

If yref is a vector containing the Ny reference measurements and y(p) is the output vector of

parameter vector, p, each output’s error is defined as the difference between the measurement

Table 1. Parameter summary.

Parameter Parameter Description

Ea Aortic elastance

Elv Left ventricle elastance

Evc Vena cava elastance

Rc Systemic resistance

Ri Input resistance

Ro Output resistance

Vs,3 Total stressed blood volume

Ewall Chest wall elastance

α Parameter to modulate ITP

https://doi.org/10.1371/journal.pone.0306925.t001

Table 2. Parameter definitions.

Parameter Parameter Definition

Ea
DPaðtÞ
CO:T [17]

Elv maxT
PlvðtÞ
VlvðtÞ

[7]

Evc
DPvcðtÞ
CO:T [17]

Rc
�PaðtÞ� �PvcðtÞ

CO [7]

Ri
R

Pvc ðtÞ>Plv ðtÞ
PvcðtÞ� PlvðtÞdt

SV [7]

Ro
R

Plv ðtÞ>Pao ðtÞ
PlvðtÞ� PaoðtÞdt

SV [7]

Vs,3 �V lvðtÞ þ
�PaðtÞ
Ea
þ

�PvcðtÞ
Evc

[7]

Ewall
Ers
2

[24]

https://doi.org/10.1371/journal.pone.0306925.t002
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and the output:

eiðpÞ ¼ yref
i � yiðpÞ; i 2 ½1;Ny� ð25Þ

The error function is then defined using the RMS of all errors:

cðpÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPNy
i¼1 eiðpÞ

2

Ny

s

ð26Þ

Experimental procedure

The experimental protocol was approved by the Ethics Committee for the use of animals at the

University of Liege, Belgium between September—November, 2015 (Reference Number 14–

1726). Eight male, pure Pietrain pigs weighing between 18.5 and 29 kg were sedated and anaes-

thetised by an initial intramuscular dose of Zoletil 100 (0.1 mL/kg) and Ketamine 1000 (0.1

mL/kg). Sedation and anaesthesia was maintained by a continuous infusion of Nimbex (1 mL/

kg/h at 2 mg/mL), Sufenta (0.1 mL/kg/h at 0.005 mg/mL) and Thiobarbital (0.1 mL/kg/h) via a

central venous catheter positioned within the superior vena cava. The pigs were mechanically

ventilated (GE Engstrom CareStation) with a baseline positive end-expiratory pressure (PEEP)

of 5 cmH2O and tidal volume of 270 mL. The heart was accessed via a median sternotomy,

and an admittance pressure-volume catheter (Transonic, NY, USA) with a sampling rate of

250 Hz inserted into the left ventricle. Proximal aortic pressure was continually sampled using

a pressure catheter (Transonic, NY, USA) with a sampling rate of 250 Hz. Euthanasia was per-

formed via a bolus of Pentobarbital (30 mg/kg) and Sufentanil (5 μg/kg) causing respiratory

arrest. To ensure a diverse range of cardiac states was exhibited, several procedures were

performed:

• A single infusion of endotoxin (lipopolysaccharide from E. Coli, 0.5 mg/kg injected over 30

minutes) to induce septic shock, which drives a change in afterload conditions and is associ-

ated with a large variety of effects including an inflammatory response and capillary leakage

that may lead to hypovolemia, global tissue hypoxia and cardiac failure

• Several PEEP driven recruitment manoeuvres (both pre- and post- endotoxin infusion),

which drive a change in preload conditions and are typically associated with a decrease in

mean blood pressure and cardiac output

• One to four infusions of 500 mL saline solution over 30 minute periods (both pre- and post-

endotoxin infusion), simulating fluid resuscitation therapy, a key component of heamody-

namic resuscitation in patients with severe sepsis, which results in a change in circulatory

volume

The airway flow data for Pigs 1 and 5 gave no negative readings, rendering the data unus-

able for the cardio-pulmonary model. Pigs 2 and 3 both displayed unreliable data with multiple

interruptions in the data stream and were thus also unusable for this study. The remaining

pigs (Pigs 4, 6, 7 and 8) all had usable data and were used in this work. For ease of use, the pigs

are respectively numbered Pigs 1, 2, 3 and 4 for this work.

Parameter identification. The parameter identification in this work was performed using

MATLAB’s (The Mathworks, Natick, MA, USA) fmincon function. The parameter subset and

error function were passed as parameters. Parameter estimation was performed for all 4 pigs

over the first and last 5 beats for each PEEP level of the RM.
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To find α, the parameter identification process was repeated for α 2 {0, 0.01. . .1.0}. The

value for α resulting in the lowest error was selected for each pig. This sensitivity analysis and

parametric optimisation over α seeks to find the appropriate fraction of ITP transmitted and

assesses how pig specific it is.

Analysis

As mentioned previously, α accommodates for the exaggerated ITP applied to the entire

venous blood supply. However, it is possible α also compensates for several other cardiopul-

monary mechanisms occurring simultaneously to those caused by ITP. To identify the physio-

logical relationships of α, optimal α was correlated with various physiological measures,

specifically SV, functional residual capacity of the lungs (Vfrc), preload and afterload, where

end-diastolic left ventricle volume (Vlv,d) is used as a measure for preload, and output resis-

tance (Rout). Left ventricle end diastolic volume was taken from direct invasive measurements,

and output resistance was calculated using the nominal parameter estimation shown in

Table 2. Finally, Vfrc is determined from respiratory data using a clinically validated lung

model [14, 27, 28]

Furthermore, to fully assess model performance and reliability, identified parameters from

all three models (three chamber, cardiopulmonary and alpha) were compared to assess how

each model performed under changing PEEP conditions.

Results

Optimum alpha

The optimum α was identified as the value minimising model errors. The identified optimum

α of each pig for each PEEP level is shown in Table 3.

As PEEP increases, α tends to decrease to compensate for the increasingly exaggerated

effect calculated ITP has on the system.

Alpha relationships

Regression lines were fitted between α and a range of physiological measures indicative of

known cardio-pulmonary interaction mechanics, including SV, Vfrc, preload (Vlv,d) and after-

load (Rsys). The relationships are shown in Fig 2 and there associated r2 values are found in

Table 4.

The relationships between α and afterload, and α and preload, do not appear to be predict-

able, and as a result, produced very low r2 values of 0.03 and 0.02 respectively. However, the

relationships between α and Vfrc, and α and SV, appear much stronger. Vfrc and α show an

inverse relationship, where α decreases as Vfrc is increased, whereas α and SV show a direct

relationship, where α increases with SV. Their respective r2 values were 0.41 and 0.24.

Table 3. Optimum α of all pigs for all PEEP levels.

Pigs 0cmH2O 5cmH2O 10cmH2O 15cmH2O 20cmH2O
1 0.38 0.37 0.22 0.17 0.22

2 0.45 0.30 0.31 0.25 0.20

3 0.39 0.38 0.26 0.18 0.23

4 0.55 0.24 0.19 0.14 -

https://doi.org/10.1371/journal.pone.0306925.t003
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Model comparisons

Model parameters were identified for each model and then compared for all pigs over each

PEEP step. Fig 3 shows identified SBV for all models, Fig 4 shows identified Eao of all models,

Fig 5 shows identified Elv of all models. Finally, Fig 6 shows identified Rsys of all models.

Mean norm errors of each model were also compared to assess relative model performance.

The normalised error of all pigs were averaged for each model and plotted, shown in Fig 7.

The average normalised error per PEEP section can also be found in Table 5.

Discussion

Effects of cardiopulmonary interactions

Before comparing relationships between α and various physiological mechanisms, it is impor-

tant to understand the effect of cardiopulmonary interactions on the circulation, and how

exactly they affect these physiological measures.

Fig 2. Physiological relationships of α. Physiological relationships of α. The top left shows afterload vs α, top right preload vs α, bottom left

functional residual capacity of the lungs (Vfrc) vs α and bottom right stroke volume (SV) vs α.

https://doi.org/10.1371/journal.pone.0306925.g002

Table 4. r2 values for α relationships.

Parameter r2

Afterload 0.03

Preload 0.02

Vfrc 0.41

SV 0.24

https://doi.org/10.1371/journal.pone.0306925.t004
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Preload. Positive pressure ventilation is associated with a decrease in left ventricular pre-

load. However, left ventricular preload is not directly affected by PPV. Rather, the decrease in

preload is a result of reduced SV from the right circulation due to multiple simultaneous

mechanisms.

Firstly, PPV impedes venous return to the right ventricle. It is well documented that PEEP

causes an increase in right atrial pressure (Pra) [1, 4, 6, 23]. Pressure of the upstream venous

reservoirs, equal to mean systemic filling pressure (Pmsfp), is the upstream driving pressure for

venous return, and Pra is the downstream pressure. Thus, venous return is proportional to the

pressure gradient between Pmsfp and Pra [24]. PPV is not known to cause significant changes to

Pmsfp, and as a result, the increase in Pra causes a decrease in venous return, reducing right ven-

tricular preload.

Secondly, PPV also causes an increase in right ventricular afterload. Since the right circula-

tion is located entirely within the thoracic cavity, increased ITP causes a decrease in trans-

mural pressure of the vessels of the right circulation, causing a reduction of stressed volume of

Fig 3. Identified stressed blood volume (SBV) of the 3 models for all pigs. Identified stressed blood volume (SBV) of the 3 models for all pigs.

The 3 chamber model is shown in blue, the cardiopulmonary model in red and the alpha model in yellow.

https://doi.org/10.1371/journal.pone.0306925.g003
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those vessels, and hence, a reduction in cross sectional area. The resistance of a vessel is

inversely proportional to the fourth power of its diameter [24]. Thus, even small decreases of a

vessel’s cross sectional area can greatly increase its resistance. Consequently, increases in ITP

cause increases in pulmonary vascular resistance. Furthermore, increased Vfrc due to PEEP

compresses and stretches small vessels within the lungs, further increasing pulmonary vascular

resistance [4, 6, 19, 23]. This increase in PVR through both ITP and Vfrc causes an increase in

right ventricular afterload.

The decrease of right ventricular preload, and increase in right ventricular afterload, causes

a significant decrease in right ventricular SV, which ultimately results in a lower left ventricular

end-diastolic volume, and thus, a lower preload.

Afterload. Unlike left ventricular preload, left ventricular afterload is directly affected by

cardiopulmonary interactions. The left ventricle lies within the thoracic cavity, while most of

the aorta and downstream arteries are extra-thoracic. The increase in ITP decreases the trans-

mural pressure of the left ventricle, thereby increasing the pressure gradient between the left

Fig 4. Identified aortic elastance (Eao) of the 3 models for all pigs. Identified aortic elastance (Eao) of the 3 models for all pigs. The 3 chamber

model is shown in blue, the cardiopulmonary model in red and the alpha model in yellow.

https://doi.org/10.1371/journal.pone.0306925.g004
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ventricle and the downstream extrathoracic aorta, resulting in a lower left ventricle afterload

[1, 3, 5, 6, 29].

Alpha (α)

Alpha displayed a relatively strong relationship to Vfrc and SV. It is possible, in addition to

compensating for the exaggerated effects of ITP on the venous blood pool, α also makes up for

other physiological phenomena occurring during cardiopulmonary interactions which the

original model is not able to account for. The most obvious being the effect of lung expansion

on the CVS. As Vfrc increases and the lungs expand, the blood vessels within the lungs are both

stretched and compressed, resulting in higher pulmonary vascular resistance (PVR) [4, 6, 19,

23]. The increased PVR results in a decreased flow through the pulmonary circulation, reduc-

ing blood flow to the left ventricle and ultimately resulting in the observed lower SV. Since the

model does not incorporate the right circulation to preserve identifiability [7, 25, 26], it cannot

directly replicate this effect.

Fig 5. Identified left ventricle elastance (Elv) of the 3 models for all pigs. Identified left ventricle elastance (Elv) of the 3 models for all pigs. The 3

chamber model is shown in blue, the cardiopulmonary model in red and the alpha model in yellow.

https://doi.org/10.1371/journal.pone.0306925.g005
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Another likely explanation is that, since α tends to decrease as PEEP is increased through-

out the RM, it should be expected α decreases as Vfrc is increased, because an increase in PEEP

results in an increase in Vfrc, and vice versa. In the original cardiopulmonary model without α,

errors would rise with PEEP [17, 18], as applied ITP caused modelled vena cava pressure to

rise to greater values than its measured equivalent. Since α modulates the percentage of ITP

applied to intrathoracic chambers, when PEEP is increased, α decreases, to compensate for the

increasingly exaggerated effect ITP has on the intrathoracic chambers. Furthermore, as PEEP

is increased, SV tends to diminish [2, 6, 18, 30]. Thus, it could be mathematically expected to

see α increase with SV, since larger α values are associated with lower PEEP.

Counter-intuitively, α did not seem to show a very strong relationship to preload, where

end-diastolic left ventricular volume was used as a measure for preload. Since preload is

strongly linked to SV, it would be expected α should also display a stronger relationships than

observed. This outcome is potentially due to the high noise present in the left ventricular vol-

ume measurements, potentially providing inaccurate values for the maximum volume values.

Fig 6. Identified systemic resistance (Rsys) of the 3 models for all pigs. Identified systemic resistance (Rsys) of the 3 models for all pigs. The 3

chamber model is shown in blue, the cardiopulmonary model in red and the alpha model in yellow.

https://doi.org/10.1371/journal.pone.0306925.g006
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Furthermore, while SV across all pigs is fairly consistent, end diastolic volume was far more

pig-specific, further creating variability in the trend.

Moreover, α did not show a strong relationship to afterload. As stated previously, during

MV, increased ITP generally works to aid left ventricular ejection. However, the majority of

effects caused by cardiopulmonary interactions work to decrease SV by decreasing left ventric-

ular preload. Since left ventricular preload and SV decrease significantly, a decrease in after-

load would be difficult to observe, since left ventricular end systolic pressure decreases with

lower preload. Furthermore, the output resistance was calculated using the pressure gradient

between left ventricular and aortic pressure during systole. It was often observed that left ven-

tricular pressure never rose above aortic pressure during systole in the measurements. These

cases were discarded and not used for calculations. However, it is probable that the precision

of the measurements may have affected the resulting calculated output resistances.

Fig 7. Average normalised error vs positive end-expiratory pressure (PEEP) of the 3 models. The average normalised error vs positive end-

expiratory pressure (PEEP) of the 3 models. The 3 chamber model is shown in blue, the cardiopulmonary model in red and the alpha model in

yellow.

https://doi.org/10.1371/journal.pone.0306925.g007

Table 5. Average error per positive end-expiratory pressure (PEEP) step for each model.

PEEP (cmH2O) 3 Chamber (%) Cardiopulmonary (%) Alpha (%)

0 8.74 12.61 7.95

5 9.12 18.51 7.76

10 10.47 35.40 7.43

15 10.78 42.69 7.66

20 11.83 52.21 11.34

https://doi.org/10.1371/journal.pone.0306925.t005
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Model comparisons

As shown in Figs 3–6, identified model outputs from the α model tend to closely resemble

those from the original 3 chamber model. Furthermore, as shown in Fig 7, the alpha model

errors closely resembled the 3 chamber model’s, while the cardiopulmonary had much higher

errors than both over all PEEP steps. Due to the ITP of the cardiopulmonary model causing

exaggerated vena cava and left ventricle diastolic pressures, the model has to adapt to compen-

sate for this effect, likely leading to identified parameters which may be less precise than those

of the 3 chamber model. The alpha parameter prevents this from occurring, and thus identified

parameters of the α model more closely resemble those of the original 3 chamber model.

It is probable α acts as a weighting function between the cardiopulmonary model, and the

original three chamber model without cardiopulmonary interactions [7, 9]. By reducing

applied ITP, the α parameter reduces cardiopulmonary interactions to the point they no longer

cause large disturbances in vena cava measurements, and thus reduce the higher model errors

of the cardiopulmonary model caused by increasing PEEP. This reduction of applied ITP also

causes identified model parameters to move towards those produced by the three chamber

model.

Model-based care in the ICU is a highly promising prospect, allowing for far greater

insights into patient conditions than is currently offered by the existing systems. The use of a

combined cardiopulmonary model has the potential to act as a key diagnostic tool for both car-

diovascular and pulmonary care, allowing for conjoint optimisation of both a patient’s cardio-

vascular and pulmonary state. Given the alpha model’s improved reliability and accuracy in

high PEEP conditions, it would make a much better candidate for a bedside assistive tool than

the original cardiopulmonary model. However, since identified parameters of the 3 chamber

and α model are near identical, it could be argued incorporating the respiratory model does

not provide a large enough difference in identified parameters to justify the additional model

complexity. However, without the addition of the pulmonary model, it would not be possible

to incorporate cardiopulmonary interactions, and thus, potentially clinically important met-

rics, such as stroke volume variation (SVV), would not be available from model outputs. Fur-

thermore, the alpha model allows for potential conjoint model-based care of the pulmonary

and cardiovascular states. The 3 chamber model does not allow for conjoint optimisation, and

pulmonary and cardiovascular care would be performed independently. The α model allows

for some measure of cardiopulmonary interactions while also maintaining accuracy of identi-

fied outputs. However, it is unclear as to how accurate or reliable measures such as SVV would

be from the resulting model outputs.

Limitations

A clear limitation of the paper was the small sample size used in the experiment. Data from

only 4 pigs was used. A larger sample size may have yielded clearer results in the analysis and

validation of α. However, despite the small sample size, the porcine data used in this study pro-

vided accurate information to run and validate the model.

A further limitation of the model was the physiologically incorrect application of ITP on

the venous chamber. As the venous system is treated as a single lumped parameter chamber,

Equation 24 states ITP is applied to the entire venous system. However, ITP would only

directly influence the component of the venous system contained inside the thoracic chamber.

While this presents a physiological limitation of the model, the additional invasive measure-

ments required to separate the venous system into intra- and extra thoracic chambers, and the

potential practical identifiability issues associated with identifying the parameters of an addi-

tional chamber, justify the proposed approach. As a result, ITP was applied to the entire
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venous blood volume, which caused exaggerated resulting cardiopulmonary effects. Therefore,

although the use of the additional alpha parameter is not entirely physiologically consistent, it

was able to compensate for these exaggerated effects, ultimately allowing the model to produce

reliable outputs.

Finally, the model could also be improved by expanding the subset of parameters used, with

only 4 of the 7 parameters identified in the optimisation process. This subset was necessary to

ensure practical identifiability of the model from the clinically feasible measurements available,

as the additional complexity of the model resulted in the exclusion of both the input resistance

and venous elastance parameters from optimisation. Despite this, the subset proved sufficient,

as the model was able to accurately reproduce system dynamics with low model errors.

Conclusions

The original cardiopulmonary model, while having the ability to incorporate cardiopulmonary

interactions, resulted in increased model errors at high PEEP. The addition of α proved to be a

promising alternative, reducing model errors at high PEEP. While α may display fairly con-

vincing relationships to physiological measures such as Vfrc and SV, these relationships can be

explained through α’s inverse relationship to PEEP. Furthermore, α seems to act more as a

weighting function between the cardiopulmonary model and the original three chamber CVS

model, reducing cardiopulmonary interactions in order to maintain a stable model error.

Identified parameters from the α model closer resemble those of the original 3 chamber

model, rather than those from the cardiopulmonary model, especially under high PEEP condi-

tions. This is largely due to the high errors seen in the cardiopulmonary at high PEEP levels,

caused by the exaggerated effects of ITP. Ultimately, α works to reduce these effects, thereby

bringing model outputs and identified parameters closer to those of the original 3 chamber

model.

Ultimately, the α model has shown to be more stable than the original cardiopulmonary

model, making it a good candidate for model based care. Even though it produces similar

identified parameters to the 3 chamber model, it is also able to produce cardiopulmonary

interactions in model outputs, providing potentially useful clinical metrics, such as stoke vol-

ume variation (SVV). These clinical metrics can act as key indicators for critical procedures,

such as fluid therapy, and may ultimately improve survival probability for patients in critical

condition. However, it is uncertain how reliable or accurate these measures are given the

diminished nature of the cardiopulmonary interactions produced in the α model. Conse-

quently, it is uncertain whether cardiopulmonary interactions of the α model justify its addi-

tional complexity, especially when considering the low availability of clinical data in an ICU

setting.

The model clearly has the ability to provide key insights into a patients cardiopulmonary

state, and to be used as a potentially lifesaving bedside assistive tool. However, more work is

required to better understand and model the complex relationships between the cardiovascular

and respiratory systems.
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