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Abstract 

Clinical Applications of a Human Cardiovascular-Respiratory System 
Model: Studying Ventricular Mechanics in Disease and Treatment 

by 

Deepa Ramachandran 

Large-scale modeling allows for a broad mechanistic view of a 

cardiopulmonary disease, often beyond what can be observed clinically. Our group 

has developed a large-scale model of the human cardiovascular-respiratory system 

(H-CRS) that integrates heart mechanics, hemodynamics, circulatory and gas 

transport aspects of the lung, brain and whole body tissue, and nervous system 

ii 

control of the cardiovascular and respiratory systems into a single model that can be 

used to analyze the dynamic behavior of the normal and deranged cardiopulmonary 

system. The model is a composite model based on data from multiple sources, 

developed over the years, and has been able to mimic responses to cardiovascular, 

respiratory, and nervous system activity, and accurately predict changes to 

environmental or diseased conditions. The ability of a large-scale model to portray 

many aspects of the cardiopulmonary system simultaneously is beyond the scope of 

clinical procedures, as providing such data becomes overly invasive, expensive, and 

risky. However, clinical questions can be pursued in virtual mode using modeling as 

a tool, and the hope is that modeling might also point to novel avenues to explore in 

disease diagnosis. 
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In this work, we have advanced new conceptual framework of pericardia} 

constraint, respiratory modulation, and septal pumping in the H-CRS model to 

address three important clinical topics. The first is cardiac tamponade (CT) which 

results from fluid accumulation in the pericardial sac; the second is left ventricular 

diastolic dysfunction (LVDD) which leads to congestive heart failure; the third is a 

hemodynamic analysis of the use of left ventricular rotary assist devices in systolic 

heart failure due to left ventricular systolic dysfunction (LVSD). These topics are 

highly relevant in the clinical setting, employ advanced methods for clinical 

diagnosis (with sufficient clinical data available for model validation), yet contain 

unanswered physiological questions for our modeling to explore. For example, the 

proposed modeling studies show that detailed mechanistic characterization of the 

diseases CT, LVDD, and LVSD exhibit model-generated results of known disease 

signs, but also reveal the significance of unexplored right heart symptoms and the 

important role of septal mechanics in these disease states. Left ventricular assist 

device (LVAD) modeling demonstrates improvement in cardiac output and reduced 

left heart work, but at the expense of septal functionality and right heart work. 

Our work in demonstrating the ability of a large-scale model to portray many 

complex aspects of the cardiopulmonary system simultaneously suggests that 

modeling might provide novel avenues to explore disease diagnosis, physiology, and 

management. 
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Chapter 1 

Introduction 

1.1. Overview 

Large-scale integrated cardiovascular-respiratory closed-loop models 

provide informative analysis of normal and diseased human physiology [1]-[10]. 

Our group has developed a model of the human cardiovascular-respiratory system 

(H-CRS) that integrates hemodynamics, whole-body and cerebral gas exchange, and 

baro- and chemoreceptor reflexes. The benefits of large-scale physiological 

modeling are the ability to capture the global aspects of organ/system interactions, 

as well as view the macroscopic effects of an abnormality, which are both not always 

apparent in the experimental or clinical setting. In the clinical setting to obtain a 

complete view can be far too invasive, expensive, impractical, or unnecessarily risky. 

For example, in the case of cardiac clinical examination, the procedures of 

catheterization to measure cardiac pressures and Doppler echocardiography to 

measure flows require two different lab setups and thus are not measured 

simultaneously in common practice. However, as several of our modeling studies 

have proven, much information that is helpful in clinical understanding and 



diagnosis can be revealed from simultaneous measurements. As a result, modeling 

can identify novel signs of disease suggesting alternatives to the traditional methods 

of diagnosis. An important finding of our work is the importance of the right heart in 

revealing cardiac dysfunction, stressing the advantage of adopting biventricular 

pressure recordings as common practice, instead of the standard single (left) 

ventricular pressure recordings. Our large-scale cardiopulmonary model simulates 

waveforms and indices that are familiar and common in the medical field, making it 

a valuable and highly relevant tool to apply to clinical disease studies. 

It is often asked whether this model can simulate an individual patient. As 

the H-CRS model is a composite model fitted to data from various sources 

(literature, patient data banks, biological scaling, etc.) it represents the generic 

cardio-respiratory system of a normal human, Consequently, adjustments must be 

made to model the unique qualities of each individual patient (i.e., cardiac chamber 

size, blood vessel resistances, breathing pattern, etc.). In the future, when larger 

amounts of patient data are available, one can then develop more specialized H-CRS 

models wherein each sub-model represents a model category of individuals with 

several similar traits, allowing for better application to individual case studies. 

Several integrated cardiovascular-respiratory models have been developed. 

Goldstein et al. [11] introduce a cardiovascular model sensitive to the dynamics of 

pleural pressure changes. Batzel et al. [ 4] report a cardiovascular control system 

with consideration of the respiratory interaction modeled with blood-gas transport 

delays. Magosso and Orsino [5] introduce a model with neural control by way of 

15 
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receptors responsive to ventilatory changes. Blasi et al. [ 6] describe a model 

demonstrating interrelationships between respiration, heart rate, and blood 

pressure. The cardiovascular-respiratory model that our group has contributed 

integrates hemodynamics, central and peripheral gas exchange, and baro- and 

chemoreceptor reflexes and accurately simulates normal physiology as well as the 

complex ventricular and cardio-respiratory interactions that occur during the 

Valsalva maneuver [7], apnea [8], thigh-cuff deflation [9], cardiac tamponade [12], 

and left ventricular diastolic dysfunction [1],[13]. Sun et al. [10] has demonstrated 

tamponade in a closed-loop, baroreflex-controlled, circulatory model by 

incorporating right-left heart interaction, however the pulmonary aspect is limited 

to pleural pressure drive. 

In this work, our H-CRS model has been applied to study ventricular 

mechanics in normal function, disease, and therapy. Heart failure (HF) is an 

important clinical entity and altered cardiopulmonary interaction underlies disease 

physiology, diagnosis and management. We have selected three diseases that 

produce heart failure by different mechanisms and demonstrate this in each study 

(Figure 1.1). The key characteristics and clinical indices of each disease are 

simulated and analyzed in detail. We began our work by exploring the pericardia! 

and septal constraint in cardiac tamponade (Chapter 2). We then extended our 

study of HF to explore septal stiffness and relaxation abnormality in the syndrome 

of left ventricular diastolic dysfunction (LVDD) (Chapter 3). Finally we complete our 



study of HF in examining the septal work and right ventricular work in left 

ventricular systolic dysfunction (LVSD) with a ventricular assist pump (Chapter 4). 

Through the pursuit of this work, we have discovered some common themes 

that exist between these three topics. Firstly, the right heart is an important and 

often overlooked indicator of abnormality. Traditionally, most of clinical diagnosis 

focuses on the left heart; however, we show with our model that the right heart 

often bears stronger and clearer clinical signs. Secondly, we reveal the importance 

of the interventricular septum in normal ventricular mechanics, and in the presence 

of septal disease, the septum has a key role to play in ventricular mechanical 

dyssynchrony. Other common threads exist as well, such as common diastolic 

clinical signs in LVDD and tamponade, and common systolic clinical signs in LVSD 

and tamponade. Ambiguous left heart signs and changes in heart work are present 

in both LVDD and LVSD. In the larger field of ventricular mechanics, there are three 

key players influencing these diseases and ventricular mechanics in general, and 

they are the septum, important to ventricular interaction, respiration, varying flows 

and pressures, and the pulmonary circulation, connecting the right and left sides of 

the heart. 

Our model's pulmonary and pericardia} components are capable of 

producing circulatory effects on venous return and pulmonary pressures, which 

enables the analysis of tamponade, LV diastolic HF, and systolic HF with ventricular 

assist with a full cardiopulmonary interaction not previously possible. Our work has 

resulted in publications on cardiac tamponade [12] and LV diastolic HF [13] as well 
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as a preliminary report on the physiology of septal dynamics and RV function in 

systolic HF with LV assist pump. 

•Septum: Active Tertiary Pump 

Ventricular Mechanics •Respiration 

~----· P_u:::.:.l.:..:..m:._o-na ry Ci rcu latio __ n:.;...-----

•Production of 

Pulsus Paradoxus 

•Cardio-respiratory 

Interactions 

•Chamber 

•Common Clinical Signs 
•Novel Right Heart Signs 
•Septal Mechanics 
•Mechanical 
Dyssynchrony 

LV Diastolic 
Dysfunction 

•Production of 
HFNEF 

Signs 
•Changes in 
Heart Work 

Figure 1.1: Summary Diagram of Thesis Topics 
In the field of ventricular mechanics we have selected three topics to study: 

cardiac tamponade, LV diastolic dysfunction, and LV systolic dysfunction. Key 
findings and commonalities are depicted here. 

1.2. Cardiovascular Aspect of H-CRS Model 

Our H-CRS model is based on hydraulic circuit-equivalent principles. 

Hydraulic circuit-equivalent elements, namely, inertance, compliance, and 

resistance, can be used to represent the cardiovascular system. A sample lumped 
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model of a system of blood vessels can be represented by the distributed equivalent 

hydraulic circuit shown in Figure 1.2: 

L I Li+l Ri+l 

~~~~~~·~ 

c. I ci+l 

Figure 1.2 Distributed Equivalent Hydraulic Circuit 
Represents a blood vessel or system of lumped blood vessels. 

In this distributed model, compliances Ci associated with a lumped spatial 

segment represent the compliant, distensible properties of blood vessels within the 

segment characterized by transmural pressure-volume relationships. The lumped 

inertance associated with the same spatial segment Li represents the lumped mass 

of the blood (density p) in the segment that must be accelerated each heartbeat. 

Inertance is thus characterized by the relationship between the pressure drop 

across and the derivative of volume flow (i.e., volume acceleration) through the 

lumped element. Hydraulic resistance Ri is characterized by the relationship 

between the pressure drop across and the volume flow through the segment. 

Turning to the heart, cardiac chambers are modeled as time-varying 

distensible volume storage elements. More specifically, the atria and ventricles are 

19 



characterized by transmural pressure- chamber volume relationships. The inlet and 

outlet valves of the heart are pressure-operated and characterized by hydraulic 

resistive diode relationships. That is, if the pressure drop across the valve is 

positive, the valve will open; otherwise it will remain closed. Figure 1.3B shows the 

equivalent hydraulic heart circuit model. 

The H-CRS closed-loop model is a system of ordinary differential equations 

with state variables such as chamber pressures, chamber volumes, and 

transvalvular flows. Ventricular chamber volumes are further divided into right and 

left free wall volumes (VRvF and VLvF, respectively) and a septal volume (VsPT) as 

shown in Figure 1.3C and D and discussed in greater detail below. The muscular 

ventricular free walls and interventricular septum are driven by independent 

electromechanical activation functions ( eRvF(t), eLvF(t) and esPT(t), respectively), 

thus giving rise to time-varying pressure, volume and flow functions. 

The instantaneous pressure (mmHg) within either left or right ventricular 

free wall (LVF or RVF) volume (ml) is the weighted sum of pressure during diastole 

and systole [9]: 

where 

PLvF (V LvF. t) = eLvF (t) PLv.Es (V LvF) + (1- eLvF (t)) PLv,Eo (V LVF) 

p RVF (V RVF • t) =: eRVF (t) p RV,ES (V RVF) + (1- eRVF (t)) p RV,ED (V LVF) 

Equation 1 
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and 

PLv.ES(VLVF) = a(Fcon)ELV,ES (VLVF- VLVF,d) 

p RV,ES (V RVF) := a(Fcon ) E RV,ES (V RVF - V RVF, d ) 

Equation 2 

Equation 3 

Since both free wall pressures (PLvF, PRvF) are transmural (differential) 

pressures with reference to pericardia! pressure (PPERI), the absolute chamber 

pressures PLv and PRv (relative to atmosphere) are equivalent to the respective free 

wall transmural pressure plus PPERI· 

The trans-septal pressure difference (mmHg) is: 

Equation4 

Septal volume (VsPT) is calculated from the difference in the two free wall 

pressures, and is the weighted sum of diastolic and systolic contributions. 

IfPsPT ~ 0, 
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V _ 1 ( PsPT J sPT.Eo (PsPT) = --log --+ 1 + VsPT.o 
AsPT PsPT,o 

Equation 5 

lfPsPT < 0, 

1 
VsPT,Es (PsPT) = PsPT + VsPT,d 

ESPT,ES 

V ( - 1 1 (- PsPT J sPT,Eo PsPT) = --- og + 1 + VsPT,o 
AsPT PsPT.o 

Equation 6 

Septal volume is then the weighted sum of septal volume in systole and 

diastole: 

Equation 7 

Given the model storage element volumes (VLvF, VRvF and VsPT), the 

corresponding transmural pressures for the free walls and septum can be 

calculated. Cardiac chamber volumes are defined in Figure 1.3A and C. Total left 

ventricular volume (VLv) and right ventricular volume (VRv) are defined as: 

Equation 8 



RA 

P PERI 

A B 

c D 

Figure 1.3: Five-Compartment Heart Model 
Panel A shows the five-compartment heart model. An elastic pericardium 

encloses all four heart chambers. The dotted lines represent septal position 
when relaxed. Panel B is the equivalent hydraulic circuit model. Panels C-D 

show chamber volumes and pressures. Anatomical components of the 
equivalent circuit (LV= left ventricle, RV = right ventricle, LA = left atrium, RA 

= right atrium, RVF = right ventricular free wall, L VF = left ventricular free 
wall, SPT = interventricular septum, PERI = pericardium, TCV = tricuspid 

valve, MV = mitral valve, AOV = aortic valve, PAV = pulmonary valve). Specific 
pressures (PPL =pleural pressure, PPA =pulmonary arterial pressure, PAo = 

aortic pressure, PPERI = pericardia! pressure, PRA = right atrial pressure, PtA = 
left atrial pressure, PRv = right ventricular pressure, Ptv = left ventricular 

pressure, PRvF = right ventricular free wall pressure, PtVF = left ventricular free 
wall pressure, Ppco = pericardia! transmural pressure, PsPT = septal 

(transmural) pressure). Specific volumes (VRvF = right ventricular free wall 
volume, PtVF =left ventricular free wall volume, VsPT =septal volume). 
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In these equations ex(t) is the dimensionless weight or "activation function," 

denoting myocardial activation as between 0 and 1, where x = LVF, RVF, or SPT. 

Ventricular mechanics is described by separate mechanical and temporal behavior

mechanical behavior by static free wall pressure-volume characteristics and 

temporal behavior by ex(t) functions. Thus, the equations for {PLv,Es, PRv,Es} and 

{PLv,Eo, PRv,Eo} describe the static ESPVR and EDPVR relationships for the ventricular 

free walls. Here {VLvF,d, VRvF,d, VsPT,d} and {VLvF,o, VRvF,o, VsPT,o} are the zero-pressure 

volumes for the systolic and diastolic pressure relationships, respectively, whereas 

the elastance terms {ELvF,Es, ERvF,Es, EsPT,Es} characterize the slopes of linear end

systolic P-V relationships of the LVF and RVF and septum (mmHg/ml). The function 

a.(Fcon) is a dimensionless neural control factor; O··LV, ARV, AsPT} are stiffness 

parameters associated with the passive diastolic pressure relationships (ml-1); and 

{PLvF,o, PRvF,o, PsPT,o} are the nominal diastolic pressures for the LVF, RVF and septum. 

We model both free walls and septum as undergoing independent activation; 

thus each has its own activation function ex(t). Baseline or "control" simulations are 

those which model normal physiology, and for these we used the activation 

functions that reproduced normal ventricular pressure tracings. 

The solution procedure begins with estimated values for VsPT, VLv, and VRv, 

and we iterate as follows: 
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Step 2: Calculate PLvF and PRvF (Equation 1) using the free wall components 

of Equation 2-Equation 3. 

Step 3: Calculate PsPT according to Equation 4. 

Step 4: Repeatedly solve for VsPT (Equation 7) until the septal components of 

Equation 5-Equation 6 converge (about 12 iterations). 

Step 5: Compute the chamber volumes VLv and VRv (Equation 8), which serve 

as state variables. 

Elastance functions representing the time-varying stiffness of the storage 

compartments are evaluated using the equations given below: 

Equation 9 

In addition to increasing ventricular contractility, the baroreflex decreases 

parasympathetic (vagal) and increases sympathetic efferent discharge frequency to 

the sinus node and the peripheral vasculature, increasing heart rate and vasomotor 

tone. 



1.3. Respiratory Aspect of H-CRS Model 

The respiratory element in the H-CRS model includes lumped models of lung 

mechanics and gas transport, which are coupled with the pulmonary circulation 

model (Figure 1.4 ). Specifically, the nonlinear resistive-compliant properties of the 

airways are described as well as the nonlinear P-V relationship of the lungs. In the 

pulmonary circulation model, pulmonary capillary transmural pressure (hence 

volume) is dependent on alveolar pressure, whereas pulmonary arterial and venous 

transmural pressures are dependent on pleural pressure [14] (see Figure 1.4C). 

Whole-body gas transport is included in the respiratory element with gas exchange 

equations given for each gaseous species (Oz, COz, and Nz) at the lung (Figure 1.4A) 

and in major tissues of the body at the capillary level (i.e., skeletal muscle and 

brain). Parameters associated with the systemic and pulmonary circulations have 

been adjusted to fit typical input impedance data (systemic and pulmonary) from 

normal human patients [1]. 
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Figure 1.4: Respiratory Aspect of H-CRS Model 
Panel A depicts the various compartments of the respiratory model (airways 

and lungs), also indicating gas exchange, while Panel B shows the 
accompanying schematic model. Panel C shows the circulatory model of the 

pulmonary aspect where reference pressure of the pulmonary capillary 
pressure is alveolar pressure (PA), while the remainder of pulmonary 

pressures are referenced to pleural pressure (PPL)· Figure taken from [14]. 
(PA=alveolar pressure; PPL=pleural pressure; PTM=transmural pressure across 

upper airways membrane; PEL=transmural pressure across alveolar 
membrane; PPA=pulmonary arterial pressure; Ppv=pulmonary venous 

pressure; Vpc=pulmonary capillary volume; Ra=lumped arterial resistance; 
Rv=lumped venous resistance; VA=alveolar volume) 

Respiration is modeled as an approximate sinusoid of period roughly equal 

to 7 seconds, taken from human data [1]. However, in the section of this study 
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where cardiac tamponade and accompanying pulsus paradoxus is examined 

(Chapter 2), different respiratory patterns are experimented with, taken from 

canine data [15] and scaled to human proportions (Figure 1.5). 
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Figure 1.5: Sample Model Breathing Pattern 
Sample breathing pattern used in the cardiac tamponade study scaled to 

human proportions from canine data. [15] 

1.4. Neural Aspect of H-CRS Model 

Neural feedback to the heart is mediated by baroreceptors, which sit in the 

aortic artery, sensing pressure. Any unusual change in aortic pressure signals neural 

response via the sympathetic or parasympathetic pathways to alter heart rate, 

contractility or vasomotor tone of blood vessels to produce required change in 

cardiac output. These pathways are depicted in FIG. The neural response can be 

tracked by examining frequency of these pathways. 
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Figure 1.6 Neural Feedback in H-CRS Model 
Sympathetic and parasympathetic neural pathways controlling heart rate, 

contractility, and vasomotor tone are depicted [7] 

1.5. Computational Aspects of H-CRS Model 

The model consists of 97 nonlinear ordinary differential equations plus 6 

embedded diffusion equations that describe the distributed gas exchange 

compartments of the lung, tissue, and brain. A 5th-order Cash-Karp Runge-Kutta [16] 

numerical integration method solves the differential equations. Simulating SO 

seconds takes about 10 minutes to compute using a machine with a dual-core 

processor of 2.5 GHz speed and 3GB RAM. 
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In this work, we have made several updates to the model described in [1]: a) 

new pericardia} pressure-volume characteristic to better simulate chronic cardiac 

tamponade [12], b) a new respiratory pattern introduced for the tamponade study, 

c) virtual experiments to simulate chronic tamponade and analyze ventricular 

interaction, d) a new description of the distribution of the pulmonary blood volume 

according to data from Ohno et al. [17], wherein pulmonary compliance values more 

accurately match normal pulmonary blood distribution, and e) active and passive 

septal models for comparison studies. These model changes are described in detail 

in following chapters. The next section discusses the specific contributions this 

work has made. 

1.6. Specific Contributions and Thesis Overview 

In this thesis, the H-CRS model has been applied to study three topics in the 

area of diseased ventricular mechanics. The first (Chapter 2) is cardiac tamponade 

(CT) which results from fluid accumulation in the pericardia} sac and the resultant 

pulsus paradoxus (PP) (exaggerated pulse variation with respiration). Important 

physiologic questions left unanswered include the RV effect on LV function (parallel 

ventricular interaction), the importance of pulmonary blood volume and transit 

time (series ventricular interaction), as well as the thoracic pressure change 

(respiratory pump). We hypothesize that PP is the sum effect of the three and 

elimination of each of the three components would greatly alter clinical sign. We test 

this hypothesis by formulating pericardia} constraint and devising virtual 
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experiments in which the individual element above is selectively eliminated, an 

approach not achievable by conventional animal or human experimental means. We 

investigate in particular chamber interactions due to CT, septal role, novel right 

heart signs, and the relationship between CT and PP. This work has been published 

in [12]. 

The second topic (Chapter 3) is left ventricular diastolic dysfunction (LVDD) 

leading to diastolic heart failure. Diastolic HF is a clinical syndrome in which 

pulmonary congestion develops despite normal LV contractile function, leading to 

congestive heart failure with normal ejection fraction (HFNEF). Clinical data suggest 

that this may be a result of a decreased LV compliance (increased stiffness) and/ or 

decreased active ventricular relaxation. The individual role of these changes in the 

disease entity is not well understood. We hypothesize that each of these two 

components may be mathematically emulated and whose change may produce a 

characteristic cardiac disease phenotype and that the combination of the two may 

produce yet a third cardiac disease phenotype. Additionally, given the clinical 

syndrome of pulmonary congestion, we hypothesize that LV diastolic HF must also 

cause pulmonary blood sequestration and associated increased pulmonary blood 

volume, as is present in LV systolic HF. We test this hypothesis by altering LV 

compliance and relaxation characteristics in mathematical terms and examine the 

resultant pressure-flows, in comparison to clinical data of diastolic heart failure. We 

also investigate the right heart as an unambiguous indicator of LVDD (compared to 

the left heart). This work has been published in [13]. 
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The third study (Chapter 4) is on left ventricular assist devices (LVAD), 

specifically the implantable rotary blood pump, in the presence of congestive 

systolic heart failure. Normal ventricular function involves normal septal function 

and synchronization of RV and LV ejection. In our previous study, we have 

demonstrated that septum assists RV ejection. In the setting of LV systolic 

dysfunction (LVSD), we hypothesize that there is also RV dysfunction. Namely, the 

LV assist pump will improve stroke volume and cardiac output; however it will not 

improve septal function. Additionally, the ventricular assist device will further 

remove septal assist to RV ejection. We thus hypothesize that the LV assist device 

will have a two-prong effect in that cardiac output and hemodynamic improvement 

may be accompanied by RV work increase, a potential complication that may be 

correlated to worsen RV function with an LV assist device. We test this hypothesis 

by implementing a mathematical model of an implantable rotary blood pump and 

examine the effect of graded increase in rotary pump speed on total LV, RV, and 

septal work. 

These topics have been identified as highly clinically relevant for which 

modeling can contribute to their understanding. Modeling results on these varied 

topics independently reveal the importance of often overlooked right heart signs of 

abnormality, identify septal role, demonstrate model capability in the field of 

therapeutic design, and suggest the adoption of regular biventricular measurements 

in clinical diagnosis. 
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Chapter 2 

Characterization of Cardiac 
Tamponade and Pulsus Paradoxus 

Using H-CRS Model 

2.1. Overview 

Cardiac tamponade is a condition whereby fluid accumulation in the pericardia! 

sac surrounding the heart causes elevation and equilibration of pericardia! and cardiac 

chamber pressures, reduced cardiac output, changes in hemodynamics, partial chamber 

collapse, pulsus paradoxus, and arterio-venous acid-base disparity. Our large-scale model 

of the human cardiovascular-respiratory system (H-CRS) is employed to study 

mechanisms underlying cardiac tamponade and pulsus paradoxus. The model integrates 

hemodynamics, whole-body gas exchange, and autonomic nervous system control to 

simulate pressure, volume, and blood flow. 

We integrate a new pericardia! model into our previously developed H-CRS 

model based on a fit to patient data. Virtual experiments are designed to simulate 

pericardia! effusion and study mechanisms of pulsus paradoxus, focusing particularly on 
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the role of the interventricular septum. Model differential equations programmed in C are 

solved using a 5th-order Runge-Kutta numerical integration scheme. MATLAB is 

employed for waveform analysis. 

The H-CRS model simulates hemodynamic and respiratory changes associated 

with tamponade clinically. Our model predicts effects of effusion-generated pericardia! 

constraint on chamber and septal mechanics, such as altered right atrial filling, delayed 

leftward septal motion, and prolonged left ventricular pre-ejection period, causing 

atrioventricular interaction and ventricular desynchronization. We demonstrate 

pericardia! constraint to markedly accentuate normal ventricular interactions associated 

with respiratory effort, which we show to be the distinct mechanisms of pulsus 

paradoxus, namely, series and parallel ventricular interaction. Series ventricular 

interaction represents respiratory variation in right ventricular stroke volume carried over 

to the left ventricle via the pulmonary vasculature, whereas parallel interaction (via the 

septum and pericardium) is a result of competition for fixed filling space. We find that 

simulating active septal contraction is important in modeling ventricular interaction. The 

model predicts increased arterio-venous C02 difference due to hypoperfusion, and we 

explore implications of respiratory pattern in tamponade. 

Our modeling study of cardiac tamponade dissects the roles played by septal 

motion, atrioventricular and right-left ventricular interactions, pulmonary blood pooling, 

and the depth of respiration. The study fully describes the physiological basis of pulsus 

paradoxus. Our detailed analysis provides biophysically-based insights helpful for future 

experimental and clinical study of cardiac tamponade and related pericardia! diseases. 
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2.2. Background 

Cardiac tamponade is a condition whereby the accumulation of fluid in the 

pericardia! sac causes a hemodynamically significant increase in the intra-pericardia! 

pressure (PPERI) which is conventionally defined as a liquid pressure. In a healthy subject, 

PPERI is approximately equal to the pleural pressure (PpL). PPERI rises with increasing 

effusion and may equalize to diastolic right atrial (RA) and right ventricular (RV) 

pressures, and at higher levels of effusion to diastolic left atrial (LA) and left ventricular 

(LV) pressures. Heightened pericardia! pressure may lead to partial chamber collapse for 

a portion of the cardiac cycle [18],[19] wherein PPERI exceeds chamber pressure. Clinical 

cardiac tamponade occurs when there is significant component of decreased cardiac 

output, stroke volume, systemic blood pressure, attendant tachycardia, and manifestation 

of pulsus paradoxus (an exaggerated respiratory fluctuation of systolic pressure by a 

greater amount than 10 mmHg or 10% [20]). 

Cardiac tamponade may present as an acute clinical emergency or in a less 

emergent fashion that requires timely intervention [21]. Low-pressure tamponade has 

also been described [22]. Here we demonstrate a case of virtual subacute tamponade, 

modeled on the hemodynamic data reported by Reddy et al. [20] concerning a case of 

tamponade requiring pericardiocentesis. 

Pericardia! effusion leads to increased chamber interaction. A parallel interaction 

occurs whereby expansion of the RV during inspiration compresses the LV; likewise, a 

smaller RV volume during expiration allows more blood to be drawn into the LV [23]-
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[27]. The septum and pericardium are involved in this interaction. The septum is driven 

directionally by the prevailing pressure gradient across it, but is not a passive 

interventricular partition; it acts as a contractile pump in its own right [1],[2],[28],[29]. 

Localized chamber pressure changes are transferred throughout the heart via the 

surrounding effusion-filled pericardium [24],[30] aiding chamber interaction. An 

exaggerated series form of ventricular interaction occurs in tamponade when an 

augmented right heart volume upon inspiration travels to the left heart within two to three 

beats, contributing to an increase in LV stroke volume (LVSV) at the expiratory phase of 

respiration [31],[15]. Parallel and series ventricular interaction have been hypothesized to 

be the important mechanisms involved in the generation of pulsus paradoxus 

[20],[26],[31],[15],[32] but their individual contributions have not been quantified. 

Additionally, atrioventricular (A V) interaction [33] causes systole-dominant atrial filling 

in the setting of elevated pericardia! constraint and may change the filling patterns of all 

four chambers. We show that in severe tamponade this mechanism can lead to lowered 

filling volumes that changes septal motion and affects ventricular ejection times. A V 

interaction thus plays an important role in the generation of pulsus paradoxus. 

Here, we update our composite model of the human subject with an appropriate 

pericardia! pressure-volume characteristic to better simulate chronic cardiac tamponade. 

Sun et al. [10] have modeled tamponade in a closed-loop, baroreflex-controlled, 

circulatory model by incorporating right-left heart interaction via a septal elastic 

compartment. Their septum is limited to a passive coupling of the ventricles via the 

ventricular pressure gradient. With a completely passive septum, septal motion could not 



oppose the established trans-septal pressure gradient. Our H-CRS model contains a septal 

subsystem model that is both active and passive in that it acts as a contractile pump that 

assists left chamber ejection and the RV in filling. We hold this to be a key distinction, in 

that biphasic septal motion has been demonstrated experimentally in normal hearts 

[28],[29] and our simulations show that in tamponade it can be an important contributing 

factor to systolic operation. Additionally, their pulmonary component does not model 

pulmonary mechanics or pulmonary circulatory changes as a function of breathing 

movements, but is limited to a specification of pleural pressure drive. These circulatory 

changes mediated by respiration are important in tamponade and especially in the 

production of pulsus paradoxus, as will be shown. Finally, our model demonstrates 

important physiological alterations of gas exchange in the setting of cardiac tamponade. 

In this work, we first examine the model-generated predictions of cardiovascular 

pressures, volumes, and flows in tamponade, with particular focus on the role of an active 

septum. We then analyze the contributory role of breathing pattern, and by introducing 

artificial isolation of the right and left hearts, dissect the separate contributions of serial 

and parallel ventricular interactions. Lastly, we analyze the important role of the septum 

as an active, tertiary pump assisting both systolic ejection and diastolic filling, and 

demonstrate the relevance of this previously neglected component in the physiology of 

cardiac tamponade. 
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2.3. Methods 

2.3.1. Pericardia! Model 

The H-CRS model [1] is updated with a modified pericardia! element. Figure 

1.3A shows our five-compartment heart model, with the four chambers enclosed by the 

pericardium and a separate septum. Figure 1.3B is a hydraulic equivalent circuit of the 

heart model. The modification consists in specification of a transmural pericardia! 

pressure (PTPERI) vs. pericardia! effusion volume (V PERI) relationship, where PTPERI is 

defined as PPERI minus PPL· A nonlinear least-squares parameter estimation method [34] 

was used to obtain the transmural pericardia! pressure - to - pericardia! volume 

relationship by adopting the PPERI vs. V PERI data from a clinical case reported by Reddy et 

al. [20]. Effusion levels up to 600 ml were assumed to have no effect on the pericardium 

in chronic tamponade, and a normal pressure-volume response was modeled for this 

range. PTPERI was calculated from this data under the assumption of a constant mean PPL 

of -3.0 mmHg. This new PTPERr-VPERI relationship is given by Equation 10, where Po(= 

4.24e-7 mmHg) is the PPERI coefficient, A. (= 0.0146 ml-1) the pericardia! stiffness 

parameter, VPERI the effusion volume, VH the total heart volume, and V0 (=159.36 ml) the 

volume offset: 

n P, ~(v + v v: \{ l(VpERJ +Vu -V0 ) 1) _ p p 
rTPERI = oA PER/ H - 0 J\e - - PER/ - PL 

Equation 10 

(1) 



The new and old transmural pressure-volume characteristics of the pericardia! 

space differ in that their slopes in the normal range of volumes are approximately the 

same, however at high volumes, the new characteristic develops significantly greater 

pressures. 

2.3.2. Respiratory Model 

Apart from gas exchange modeled in the lung and airways [1], time-varying 

pleural pressure due to breathing is also simulated in the respiratory section of the model. 

In order to better characterize the cardio-respiratory interactions in tamponade, we 

employed a spontaneous tidal breathing waveform digitized from a canine study of 

tamponade [15] and scaled it to human proportions of mean PPL -3.0 mmHg. This 

pseudo-human respiratory waveform has PPL range estimated from [20] and [35]. 

2.3.3. Septal Model 

Three septal models were compared: two passive septa, whose P-V relationship is 

fixed at either end-systolic or end-diastolic behavior throughout the cardiac cycle, and an 

active septum for which the P-V relationship is modulated by a time-dependent activation 

function in synchrony with free wall contraction and relaxation, thereby undergoing 

biphasic operation. The passive septum models are used only for this comparison study

all simulations of control and tamponade employ the active septum model detailed 

previously [1],[2]. 
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2.3.4. Virtual Experiments 

2.3.4.1. Cardiac Tamponade 

Tamponade was simulated by graded increases in pericardia! volume. Following 

each step-increase, the model was brought to steady-state and data was analyzed using 

MATLAB [34]. Effusion levels from 15 m1 to 1100 m1 were used. We consider effusion 

of 15 m1 as control case, 900 m1 as moderate tamponade, and 1000 m1 as severe 

tamponade. 

2.3.4.2. Pulsus Paradoxus -Ventricular Interaction Studies 

To analyze ventricular interaction, we tracked a fixed volume of blood as it was 

transported from the right atrium to left ventricle. In Experiment 1 (see Results section), 

we simulated an inspiratory increase in venous return to the right heart by delivering a 

triangular pulse volume to the vena cava within a period of two seconds at fixed PPL· 

In Experiment 2, to dissect the relative importance of each type of ventricular 

interaction, the model was modified to eliminate one type of interaction at a time (see 

Experiment 2 in Results section). To study series interaction, parallel interactions via the 

septum and pericardium were respectively eliminated by increasing the septal stiffness 

parameter 'A by lOOX from 0.05 to 5.0, and holding PPERI constant. To study parallel 

interaction, the pulmonary venous volume was held constant thus creating an independent 

left heart venous return, thereby eliminating series interaction. Parallel and series 

ventricular interactions were analyzed and compared based on a triangular pulse of 

venous return to the right atrium such as in Experiment 1, and PPL was held constant. 
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2.4. Results 

2.4.1. Effects of Pericardial Effusion 

2.4.1.1. Equilibration of Diastolic Pressures and Chamber Collapse 

To simulate tamponade, we modeled graded increases in pericardia! fluid (i.e., the 

reverse of the pericardiocentesis procedure in which fluid is removed in measured 

aliquots). Figure 2.1is a plot of the steady-state diastolic chamber pressures and PPERI in 

response to increases of effusion volume. At V PERI of 800 ml, there is > 2 mmHg increase 

in PPERI· At 950 ml fluid accumulation, pulsus paradoxus is seen with an 11% variation in 

systolic blood pressure with respiration. At 1050 ml, all chamber pressures equilibrate 

within 2 mmHg of each other. We define a "chamber collapse index" as the mean 

percentage of a cardiac cycle in which PPERI exceeds chamber pressure, averaged over 

several cardiac cycles covering both the inspiratory and expiratory phases of respiration. 

At 1100 ml, RA collapse occurs over 34% of the cardiac cycle and LA over 20%. 

41 



50 ,---------------------------------------------

25 · ·" ·Na~llnear· tbllsH~'Il'e·s· ni···· ··· ·· ··! ····· ·· ··· 
o Da~ (adju~ted to 'fansmural pre~ures) 

40 =-- 20 ... ....... , ..... ...... ,. ........ .. , ........... , ........... , ....... . 

8 l ; : . ~ 

1:: I i :_.,.----,-_:_ +----------:- -- -- -- --- -! 

0.. 
30 

34% RA Collapse 

Pressure Equilibration 

Pulsus Paradoxus 
I 
I 

~ PrERI 
Model 

zo r---------------~--~~--~--------~~~~~~--
2: 2mm Hg PrEru Increase 

I 
I 
I 

1 

200 400 

- 10-'----~~-

Figure 2.1: Pressures as Functions of Pericardia! Effusion Volume 
Various pressures as a function of pericardia! effusion volume VPERI· These 

pressures include pericardia! pressure (PPERI), mean diastolic atrial (PRA and 
PLA) and ventricular (PRv and PLv) pressures. At 800 ml, there is a 2 mmHg 

increase in pericardia! pressure and equalization to right diastolic chamber 
pressures. At 950 ml, pulsus paradoxus first appears. At 1050 ml, chamber 
pressures equalize to within 2 mmHg of each other and chamber collapse is 

observed at 1100 ml, with 34°/o of the mean cardiac cycle marked by collapse 
of the right atrium. The figure insert plot (top left) shows the transmural 
pericardia! pressure vs. pericardia! volume for data points derived from 

Reddy et al. [20] in which a fixed mean pleural pressure is assumed, and a 
nonlinear least-squares fit to the data (see text for details). 

Above 700 ml, progressive increases in V PERr is accompanied by decreases in 

cardiac output (CO), mean arterial pressure (MAP), and associated activation of the 

baroreceptor reflex manifested as an increase in heart rate (HR). Figure 2.2 shows the 

percent change in these circulatory indices from the control state as a function of V PERl· 

Measured data points from the patient whose pericardium we have modeled [20] are 

shown for comparison. Figure 2.2 shows that the model provides good qualitative 
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agreement with the measured hemodynamic indices HR and CO, however, the model is 

limited by a less satisfactory fit to MAP data. For all other model parameters to be 

operating in normal ranges, MAP behavior is compromised with a lesser drop with 

effusion than seen in data. The dotted line in Figure 2.2 indicates the point of significant 

percent change from control in all three indices which aligns well with data. As can be 

observed, MAP data at low effusion levels below the dotted line shows an unlikely drop 

that is different from the point of deviation in other indices, indicating the possibility of 

measurement error in the data of Reddy et al. Nonetheless, even with a correction in 

pressure offset, the model-generated rate of decline in MAP with increased pericardia! 

effusion volume is lower than that seen in the data. Hence, the model provides only a 

qualitative fit to the patient data. 
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Figure 2.2: Circulatory Indices as a Function of Pericardia! Volume 



Percent change in circulatory indices as a function of pericardial volume 
(VPERI) for the model (diamonds) and patient data (squares) from [20]. Heart 
rate increases with VPERI up to 1000 ml (A), whereas cardiac output (B), and 

mean arterial pressure (C) decrease. Dotted line indicates point of significant 
deviation from control. 

2.4.1.2. Right Heart Relationships in Tamponade 

To examine the right heart hemodynamics in tamponade without overlying 

respiratory variations, PPL is set to the mean, thus simulating breath-holding. The atrium 

may be envisioned as a contractile storage chamber with an inflow from the vena cava 

compartment and an outflow through the tricuspid valve to the RV chamber. Diastole is 

defined as the interval between tricuspid valve opening and closure [33]. 

Figure 2.3 shows that for the control case, RV systole begins after tricuspid valve 

closure and the RA continues to relax causing a reduction in RA pressure cPRA). i.e., the 

x -descent. Systolic filling of the RA consists of a fast and slow component as is seen in 
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the RA volume (VRA) curve (Figure 2.3C) and in PRA v-wave (Figure 2.3A). The fast 

component of systolic RA filling is associated with the brisk systolic component (S) of 

vena caval volume flow Qvc (Figure 2.31). In early diastole, the characteristic two-peak 

volume flow through the tricuspid valve (QTc) (Figure 2.3G) equivalent to the more 

familiar Doppler transvalvular flow velocity measurements, corresponds to the onset of 

the y-descent in PRA (Figure 2.3A). In this communication, we describe features of 

transvalvular volume flow with the same terminology used in describing velocity 

measurements (i.e., E- and A-waves). Early diastole is marked by the prominent E-wave 

in ~c (Figure 2.3G) and the beginning of diastolic (D) Qvc (Figure 2.31). This is 

followed by a slow filling period (diastasis), and late in RV diastole, the RA chamber 
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contracts contributing flow in both the forward direction (A-wave component of QTc in 

Figure 2.3G) and the reverse direction (AR component of Qvc in Figure 2.31). VRA 

reflects three diastolic flow stages that correspond to E-wave, diastasis, and A-wave of 

the ~c (Figure 2.3C and G), with V RA reduction seen in the first and third stages. The 

relatively smaller first reduction reveals that ~c > Qvc. The third stage reflects RA 

contraction reducing VRA (Figure 2.3C) and increasing PRA (a-wave in Figure 2.3A) to 

the extent that Qvc is reversed (AR component in Figure 2.31), producing RA outflow in 

both directions. RV volume (VRv) in Figure 2.3E reflects the three-stage process of 

ventricular filling. 

Examination of the PPERI waveform reveals key alterations during the cardiac 

cycle which may actively participate in the clinically observed features of tamponade. 

Under control conditions, PPERI is low relative to PRA and tracks the PPL (Figure 2.3A). It 

is important to recognize that when the total heart volume is constrained by pericardia! 

effusion, PPERI is affected by changes in heart chamber volumes and becomes positive; it 

now tracks the diastolic PRA (Figure 2.3B) serving as the reference pressure for all heart 

chambers. Additionally, whereas PPERI is normally treated as a dependent variable at a 

given volume of pericardia! effusion, as dictated by the P-V relationship of the pericardia! 

space, because of the pressure transmission nature of the pericardia! effusion, PPERI in 

tamponade assumes the role of an independent variable that actively modulates flows and 

pressures of other cardiac chambers. Specifically, changes in ventricular and atrial 

volumes are reflected in the PPERI waveform as two pressure dips attributed to ventricular 

and atrial ejection (systolic dip and diastolic dip, respectively) as observed in canine 



measurements [32],[33]. We begin analysis of the pericardia! constraint from the x

descent in PRA occurring in RV systole (Figure 2.3B). With tamponade, the x-descent is 

no longer related directly to relaxation of the RA. Rather, PRA is elevated and remains 

nearly constant by the pericardia! constraint and the x-descent feature is delayed, 

decreased in magnitude and substantially slowed in its time course. At this point a 

prominent systolic dip in PrERI is seen, coincident with right and left ventricular ejection, 

which relieves the pericardia! constraint on RA and allows venous return to refill the 

atrium (Figure 2.3B and J). PRA follows this decline in PrERI creating the delayed and 

slowed x-descent, and as the RA is allowed to slowly refill (Figure 2.3D), PRA separates 

from PrERI forming the v-wave. Thus, in contrast to the control condition, in which the x

descent precedes the RV ejection occurring during the isovolumic RV contraction and 

RA relaxation, the x-descent in tamponade is delayed and diminished in amplitude and 

occurs following the onset of RV ejection. Termination of the v-wave corresponds to 

maximum VRA and the minimum point in the systolic dip in the PrERI waveform. At 

tricuspid valve opening, there is a reduced RA-RV pressure gradient (reduced E-wave in 

Figure 2.3H) and a severely curtailed venous return flow (D component of Qvc in Figure 

2.3J) as PRA is at its peak. V RA change results from a balance of Qvc (inflow to RA) and 

QTc (outflow from RA) and the large decline in the D component of Qvc in tamponade is 

responsible for the smaller decrease in V RA during the early diastole phase. As the 

tricuspid E-wave declines, V RA continues to decline at a slower rate. When the RA 

contracts (a-wave feature in PRA), it produces a strong tricuspid flow (enhanced A-wave 

in Figure 2.3H) that reduces VRA to very low levels. Unlike control, there is no reversal 

in Qvc in severe tamponade. A comparison of the change in V RA and V RV during diastole 
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can be made to infer the amount of vena cava inflow during diastole. For the control case, 

while VRv increases by 95 ml, VRA decreases only by 30 ml, indicating a significant 

simultaneous refilling of the RA during diastole (Figure 2.3C and E). In tamponade, the 

ventricular volume increases by 52 ml, while the atrial volume decreases by 40 ml, 

indicating little inflow from the vena cava (Figure 2.3D and F). Thus, most of the blood 

in the RA is transferred to the RV, with little refilling of the RA from the venous side in 

diastole. The pattern of diastolic increase in V Rv also changes with tamponade, with 

smaller early filling, a period of very slow increase during diastasis, and a stronger 

increase coinciding with atrial ejection (compare Figure 2.3E and F). During these 

diastolic events, they-descent feature is decreased substantially, reflected by a decreased 

E-wave, and PRA continues as an elevated, slowly increasing pressure (Figure 2.3B). In 

late ventricular diastole, a second smaller decline occurs in the PPERI waveform due to 

atrial ejection (diastolic dip), providing some relief from pericardia! constraint. 

Subsequently, PPERI increases slowly due to a very limited diastolic venous return 

continuing into the systolic interval. This slow return delays the occurrence of the x

descent. Model measurements of common clinical indices are given in Table 2.1. With 

effusion, these clinical indices fall outside of normal range [ 1] signifying abnormal 

functionality. 
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Figure 2.3: Right Heart Hemodynamics 
Right heart hemodynamic waveforms for the control and 1000-ml effusion 
cases during apnea at mean pleural pressure ( -3 mmHg). The systolic and 

diastolic intervals are indicated, with relatively shorter intervals in the 1000-
ml effusion case due to higher heart rate. The left column shows normal 

pericardial pressure and right atrial pressure (Panel A), right atrial volume 
(Panel C), right ventricular volume (Panel E), tricuspid flow (Panel G), and 

inferior vena caval flow (Panel 1), respectively. With 1000-ml effusion (right 
column), the right atrial pressure waveform is elevated to equalize pericardia} 

pressure (Panel B) and the y-descent in particular is reduced (Panel B). 
Pericardia} pressure displays two dips in pressure, corresponding to 

ventricular ejection (labeled systolic dip) and atrial ejection (labeled diastolic 
dip). Systolic atrial filling is slowed as shown by the gradual increase in right 

atrial volume (Panel D) and slower vena caval flow (Panel J). The reduced 
diastolic venous return (Panel J) is associated with a lower right atrial volume 

at end diastole (Panel D). Right ventricular volume variation exhibits 
reduction due to both filling and stroke output changes, with volume labels 

(ml) shown (Panels E-F). TheE-wave is reduced and the A-wave is more 
prominent (Panel H). The reversed component of vena caval flow (AR) is no 

longer present (Panel J). The diastolic-to-systolic (D /S) venous volume ratio is 
shown below each case, which decreases with tamponade. See text for details. 

E/A Ratio DT (sec) IVRT (sec) 

48 



49 

Right Left Right Left Right Left 
15 (control) 1.2 1.2 0.235 0.190 1.110 0.082 
1000 (severe 0.6 0.5 0.120 0.089 0.198 0.082 
tamponade) 

Table 2.1: Model-Generated Common Clinical Indices 

Model measurements of common clinical indices in the right and left hearts 
for control (15 ml) and severe tamponade (1000 ml) effusion levels: E/ A ratio, 

deceleration time (DT), and isovolumic relaxation time (IVRT). 

2.4.1.3. Left Heart Relationships in Tamponade 

The left heart hemodynamics also reflects the compressive effects of pericardia! 

effusion on LA volume (V LA) (compare Figure 2.4C and D) and diastolic LV volume 

(VLv) (compare Figure 2.4E and F). Here, diastole is defined as the interval between 

mitral valve opening and closure. Left atrial pressure (PLA) is elevated in tamponade 

(Figure 2.4B) compared to control (Figure 2.4A), with limited atrial relaxation (x-

descent). The pericardia! constraint slows systolic LA filling (compare Figure 2.4C and 

D), and the volume constraint imposed by PPERI limits diastolic pulmonary venous return 

shown in the distal venous flow waveform (compare Figure 2.41 and J). As in the right 

heart, transvalvular flow is altered with reduced early LV filling (compare Figure 2.4G 

and H). The corresponding diastolic y-descent in PLA is diminished (Figure 2.4B). 

Overall, the compressive effects of pericardia! constraint are manifested to a lesser degree 

in the relatively thick-walled left heart with its slightly higher diastolic pressures. 

The pre-ejection period for the LV (LPEP) is normally slightly longer than that 

for the RV (RPEP) as noted in [36] (compare Figure 2.3E and Figure 2.4E). This 

desynchronization in ventricular ejection times becomes much more pronounced in 

tamponade (discussed later) and plays a role in modifying the shape of the x-descent 



feature of the PRA waveform. The x-descent waveform is shaped by PPERI which has two 

components, the first corresponding to RV ejection and the second LV ejection. Figure 

2.3F and Figure 2.4F indicate that the ventricles each eject 52 ml, however the end-

diastolic filling volumes are quite different (68 m1 VRv and 80 ml VLv) indicating that the 

RV is compressed to a much higher degree than the LV. 
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Figure 2.4: Left Heart Hemodynamics 
Left heart hemodynamic waveforms for the control and 1000-ml effusion 
cases during apnea at mean pleural pressure ( -3 mmHg). The systolic and 

diastolic intervals are indicated, with relatively shorter intervals in the 1000-
ml effusion case due to higher heart rate. The left column shows normal 
pericardia! pressure and left atrial pressure (Panel A), left atrial volume 

(Panel C), left ventricular volume (Panel E), mitral flow (Panel G), and distal 
pulmonary venous flow (Panel 1), respectively. With 1000-ml effusion (right 

column), the left atrial pressure waveform is elevated (Panel B) with 
diminished atrial relaxation (x-descent) and diastolic ventricular filling (y

descent) (Panel B). Pericardia( pressure displays two dips in pressure, 
corresponding to ventricular ejection (labeled systolic dip) and atrial ejection 
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(labeled diastolic dip). Systolic atrial filling is slowed as shown by the gradual 
increase in left atrial volume (Panel D). Ventricular volume variation is 

reduced as a result of both reduced LV filing and ejection, as shown by the 
volume labels in Panels E-F. TheE-wave is reduced and the A-wave is more 

prominent (Panel H). The diastolic (D) and reversed (Aa) components of 
venous flow are diminished (Panel 1). The diastolic-to-systolic (D /S) venous 

volume ratio is shown below each case, which decreases with tamponade. See 
text for details. 

2.4.1.4. Atrioventricular Interaction 

Examination of Figure 2.3J and Figure 2.41 shows that in severe tamponade, 

diastolic venous return is particularly decreased when compared to systolic venous return. 

Theoretically if diastolic venous return reaches zero, the only time the atrium can fill is 

during systole. At this stage, atrial filling is entirely conditional upon ventricular 

ejection, a term called maximum atrioventricular (AV) interaction [33]. Beloucif et al. 

[33] have quantified AV interaction in terms of a diastolic-to-systolic (DIS) venous return 

volume ratio. We obtained systolic and diastolic inflow volumes per beat by integrating 

venous volume over the systolic and diastolic time intervals, respectively. These intervals 

are denoted in Figure 2.3 and Figure 2.4, in which diastole is determined as the duration 

of ventricular filling, and systole the remainder of the cardiac cycle as in [33]. 

Calculation of venous return volumes indicated that in severe tamponade of 1000 ml 

effusion, diastolic vena cava return volume is reduced by 85% whereas the systolic 

volume actually increases by 40%. Thus, the right heart DIS ratio in venous return 

volume drops from 2.43 in control to 0.27 in tamponade (Table 2.2). In the left heart, 

diastolic pulmonary venous return volume is reduced by 73% and the systolic volume 

drops by 24%. The ratio of DIS pulmonary venous inflow volume also indicates a shift in 

the LA filling pattern in severe tamponade with a change in DIS ratio from 0.68 to 0.25 
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(Figure 2.4). The distal pulmonary venous flow waveform was used in this case 

analogous to the report by Beloucif et al. [33]. Table 2.2 shows diastolic and systolic 

venous return volumes for increasing levels of effusion. The shift toward systolic venous 

filling is apparent in the right heart (Figure 2.31 and J) with little change in maximum 

VRA at the end of the systolic interval, but a substantially decreased VRA at end-diastole 

related to a reduction in diastolic venous return. Diastolic left heart venous return volume 

has both reduced influx and a significantly reduced reversal flow (Figure 2.4J), which 

leaves VLA unaffected at end-diastole (compare Figure 2.4C and D). This dominant 

systolic atrial filling pattern is indicative of enhanced AV interaction primarily affecting 

the right heart consistent with the findings of Beloucif et al. [33]. 

VPERI (ml) Right Left 
Vvc,D Vvcs DIS Vol. Ratio Vp~D Vpv,s DIS Vol. Ratio 

15( control) 55.0 22.6 2.43 37.5 55.4 0.68 
700 48.8 24.4 2.00 33.5 54.7 0.61 
800 37.0 27.4 1.35 26.0 53.0 0.49 
900 20.7 30.7 0.67 16.6 48.5 0.34 
1000 8.5 31.5 0.27 10.4 42.1 0.25 

Table 2.2: Diastolic and Systolic Venous Return Volumes with Pericardia! 
Effusion 

Venous return volumes during diastole and systole and the diastolic-to
systolic (D/S) volume ratios for increasing levels of effusion. For the right 
heart, vena caval return volume is given by Vvc,o for diastole and Vvc,s for 

systole. Similarly for the left heart, pulmonary venous return volume is given 
by Vpv,o for diastole and Vpv,s for systole. The D /S volume ratio decreases with 

increasing effusion. 

2.4.1.5. Chamber Pressure-Volume Relationships 

Figure 2.5 shows the P-V relationships for the four heart chambers at control, 900 

ml effusion (mild tamponade), and 1000 ml effusion (severe tamponade). Breath-holding 

is simulated with PPL held at mean. In the control case for the RA, filling of the RA is 
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coincident with RV systole, beginning at minimum VRA with the x-descent in PRA (see 

labeling on Figure 2.5A) and continuing smoothly into the v-wave of increasing PRA as 

VRA rises to a peak at the end of the RV systolic period (Figure 2.3A and C and Figure 

2.5A). The RV diastolic period has three components, beginning with a sharp decline in 

PRA (y-descent; Figure 2.3A and Figure 2.5A) with a modest decline in V RA· This is 

followed by a period of diastasis, where pressure increases slightly as does V RA due to 

Qvc. Finally, atrial contraction ensues with increasing PRA and a relatively strong 

decrease in VRA (Figure 2.3A and C and Figure 2.5A). This completes the upper RV 

diastolic portion of the RA P-V loop, where diastole and systole are defined relative to 

the RV mechanical cycle. Time is implicit on these atrial P-V loops, increasing in a 

counterclockwise fashion over the cardiac cycle. 

Atrial P-V loops show general movement upward and to the left, toward higher 

atrial pressures and lower minimum volumes (Figure 2.5A and B). This is especially true 

for the RA, where with progression of tamponade there is a steady decline in the 

minimum volume point on the loop. The maximum RA volume point also declines 

slightly with higher level of tamponade (compare maximum volume in Figure 2.3C and 

D). The flattened appearance of the RA loops of Figure 2.5A with minimum chamber 

volume reaching very low levels convey a powerful image of the constrictive effect of 

pericardia! effusion on thin-walled heart chambers. The slope of the y-descent declines in 

the RA P-V domain (Figure 2.5A) with increasing tamponade, and the y-descent is 

followed by a slowly increasing pressure for the remainder of the RV diastolic interval 

(upper portion of the loop). A slow v-wave follows a delayed and reduced x-descent 
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feature in the systolic portion of the RA P-V loop. PRA remains relatively constant over 

the latter portion of the RV systolic interval. VRA excursion is increased in tamponade 

relative to control. Progressive pericardia! constraint is associated with elevation of PLA 

and flattening of atrial P-V loops (Figure 2.5B). With increasing effusion (Figure 2.5C 

and Figure 2.5D), the ventricles exhibit a rise in diastolic pressure and a reduction in 

volume and pressure excursion. In tamponade and during the ventricular filling phase, the 

complex changes in the PPERI waveform sculpt the diastolic P-V relationship including 

the notching effect observed in Figure 2.5C. 
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Figure 2.5: Chamber Pressure-Volume Relationships 
Pressure-volume (P-V) relationships in the four chambers for control (no 

effusion), 900 ml effusion, and 1000 ml effusion. TheRA pressure-volume loop 
is particularly altered with effusion, with a delayed and reduced x-descent, 

flattened y-descent, elevated pressure, and greater emptying. The left atrium 
displays similar characteristics to a lesser degree. P-V ventricular loops 

demonstrate chamber compression and show increasingly reduced stroke 
output and higher diastolic pressures. Atrial contraction causes a dip in 
pericardia! pressure, drawing down RV pressure as well which causes a 

notching effect in the diastolic portion of the RV loop. 
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2.4.1.6. Section Summary 

Graded increases in pericardia! volume simulate tamponade hemodynamic 

changes both at the right and left heart. The right heart hemodynamic changes can be 

summarized as follows: 1) the pericardia! pressure tracks the chamber pressures and not 

the pleural pressure; 2) RA filling is delayed and diminished such that the x-descent 

occurs after the onset of RV ejection, rather than at the onset of RV isovolumic 

contraction; 3) the early diastolic filling (E-wave) is diminished and the late filling (A

wave) assumes greater proportion, due to a markedly decreased vena cava D-component; 

4) atrial filling is restricted significantly to ventricular systole, in contrast to the normal 

filling during both ventricular systole and diastole, leading to a diminished or absent y

descent. The left heart hemodynamics are altered in parallel. Informative findings of 

these changes in tamponade are well visualized with atrial and ventricular P-V loops. 

There is evidence > 11% pulsus paradox us and atrial collapse (34% RA, 20% LA). The 

CO and MAP are compromised and there is demonstration of baroreflex activation and 

tachycardia. 

Importantly, the pericardia! pressure waveform in tamponade reflects local 

volumetric changes in the heart chambers, in particular the diastolic and systolic dips in 

pressure, which in tum influence the filling capability of the chambers. As a result of this 

pericardia! constraint, venous return to the atria is progressively higher in systole rather 

than in diastole, as the ventricles are contracted and the heart occupies less volume, 

producing atrioventricular interaction that largely determines the heart's filling volume. 
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2.4.2. Effects of Respiration 

During inspiration, there is an increase in venous return to the right atrium. 

Lowered intrathoracic pressure on inspiration lowers pressure in intrathoracic systemic 

veins, pericardium, and cardiac chambers. Consequently, flow from extrathoracic 

systemic veins is increased and more blood flows to the right heart. This augmented 

blood flow appears in the left heart two to three beats later (during expiration for a person 

at rest), i.e., the "transit time" for blood to travel through the pulmonary vasculature 

[31],[15]. In severe tamponade, the high PPERI due to effusion creates a competition for 

filling space, which increases interaction between the ventricles. During the inspiratory 

increase in systemic venous return, filling of the left heart is compromised, lowering 

LVSV and aortic pressure [20],[23],[15],[37]. Alternately, during expiration, left heart 

filling is favored over the right heart. The resulting variation in L VSV can cause more 

than a 10% variation in arterial pressure with inspiration, or pulsus paradox us [20]. In our 

model, the critical pericardia! effusion volume for production of pulsus paradoxus at 

normal breathing levels is 950 ml. 

To analyze the effect of respiration on hemodynamics, three sinusoidal breathing 

patterns (with modulation of depth and excursion) were used in the model and the 

percentage variation between expiration and inspiration for inlet, outlet, and transvalvular 

flows was calculated. Figure 2.6 shows the different levels of respiration and associated 

percent variation. With greater excursion and lower PPL on inspiration, overall respiratory 

variations increase. In the control case (Figure 2.6A), right heart flows (Qvc, Qrc, QpA) 

have much greater respiratory variation than the left (Qpv, QM, QAo). For example, at 
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different levels of respiratory effort, the flow variations at the tricuspid valve (QTc) range 

from 23-43%, whereas the flow variations at the mitral valve (QM) range from 5-13%. 

With severe tamponade, the flow variations at the tricuspid valve range from 21-40%, but 

the flow variations at the mitral valve increase its range to 12-37% (Figure 2.6B). The 

increased flow variation at the left heart has been used as a clinical index for 

hemodynamic important pericardia! effusion or cardiac tamponade [18],[38]. These 

comparable levels of respiratory variation on the right and left sides are strong indicators 

of increased ventricular interaction, as discussed later. 
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Figure 2.6: Flow Variation with Different Respiratory Excursions 
Percent variation between inspiratory and expiratory flows for different 

breathing waveform excursions (e.g., -2 to -6 mmHg) for control (Panel A) and 
tamponade (Panel B). As respiratory excursion increases, respiratory 
variation increases for all flows. Under control conditions, respiratory 

variation is significantly higher in the right heart than in the left. However, 
with severe tamponade, the level of respiratory variation in the left heart 

increases, becoming more comparable to that of the right heart. (QVC = vena 
cava flow; QTC = tricuspid flow; QPA = pulmonary artery flow; QM = mitral 

flow; QAO = aortic flow). 
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2.4.2.1. Pulsus Paradoxus 

Figure 2.7 shows the presence of pulsus paradoxus with effusion. The control case 

demonstrates 7.3% distal aortic pressure variation with respiration level -1 to -10 mmHg 

(Figure 2.7G). Effusion increases this systemic arterial pressure variation to 11.8% 

(Figure 2. 7H), but the depth of breathing influences the level of variation, as shown by an 

increased variation of 16.3% with deeper inspiration to -15 mmHg (Figure 2.71). With 

severe tamponade (1000 ml effusion), pulmonary arterial pressure (PpA) is increased and 

shows less pressure excursion due to the increase in pulmonary blood pooling (discussed 

below), but P AO is decreased due to the decline in cardiac output and the respiratory 

variation increases. Hence, there are opposing effects with pericardia! constraint on the 

pulmonary and aortic pressures. However, increased respiratory variation increases 

pressure variation at both sides (Figure 2.7F and 1). 
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Figure 2.7: Arterial Pressure Respiratory Variation 
Model-generated distal arterial pressure for the right (pulmonary arterial 

pressure (PPA)) and left (aortic pressure (PAo)) heart. In the control case for 
the left heart with respiratory excursion of -1 to -10 mmHg, 7.3% variation 

exists (Panel G). With the same breathing pattern, aortic pressure drops and 
an 11.8% pressure variation exists (Panel H), indicating pulsus paradoxus. 
For the right heart, pressure elevates and variation decreases with effusion 
(compare Panels D-E). With a deeper breathing pattern ( -1 to -15 mmHg), 

variation increases in both cases (Panels F and I). 

2.4.2.2. Interventricular Septum 

Septal motion in tamponade has been studied in an effort to suggest mechanisms 

underlying abnormal hemodynamics and respiratory variation [32]. We first present the 

septal model followed by our model results with regard to septal contribution in 

tamponade. 
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Septal Model 

The septal model we have employed encompasses septal motion for the complete 

cardiac cycle, mimicking biphasic motion as noted by others [28],[29]. As detailed in our 

own studies [2],[39], a storage compartment of volume V SPT is defined as the volume 

bound by the current septal position and its unstressed position (Figure 1.3A), where 

positive-slope and negative-slope V SPT indicate rightward and leftward septal movement, 

respectively. LV volume is therefore defined as the volume bound by the LV free wall 

and the unstressed septum plus V sPT, and RV volume is defined as the volume bound by 

the RV free wall and the unstressed septum minus V SPT· The transmural pressure PsPT is 

defined as the difference between PLv and PRv· There is a systolic and diastolic phase in 

the pressure-volume (P-V) relationship for the septal compliant compartment, linear in 

systole, nonlinear in diastole. Secondly, the septum undergoes active contraction 

synchronized with RV and LV free wall contraction in systole, behaving as a third pump. 

Septal activation and the trans-septal pressure gradient both shape septal motion. 

We find that a biphasic definition of the septal P-V relationship controlled by a 

septal activation function in a cardiac cycle is essential to accurately model a normal LV 

and RV pressure profile. Three septal models were simulated: (a) a linear P-V 

relationship as observed in end-systole [ 40] and held throughout cardiac cycle - this 

models a stiff septum such as an akinetic septum; (b) a nonlinear P-V relationship 

applicable to end-diastole [39] and held throughout cardiac cycle - this models a 

compliant membrane such as a septal aneurysm; (c) a linear P-V relationship in end

systole and nonlinear P-V relationship in end-diastole and a combination of the two for 
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the remaining cardiac cycle determined by a time-dependent activation function [39] -

the current active septal model. Cases a and b are passive septal models, with V SPT 

independent of time, whereas case c treats the septum as an active pump synchronous to 

the active RV and LV free wall pumps. Figure 2.8 shows ventricular pressures and V sPT 

for the three cases. With passive septum case a, the septum is highly non-compliant and 

approximately fixed at neutral position (Figure 2.80). Systolic behavior in PRv and PLv is 

divergent to that observed experimentally [1],[37], with an upward slope in PRv (Figure 

2.8A) and a distorted PLv (Figure 2.8D). Similarly with the passive septum of case b, the 

septum is strongly bowed right, and its movement is shaped by the left-to-right trans

septal gradient, thereby mirroring the shape of PLv (Figure 2.8H). Systolic PRv is sloped 

upward, higher than normal (Figure 2.8B), systolic PLv is flattened and diastolic PLv is 

heightened (Figure 2.8E). The active septum of case c displays the opposing slopes in 

systolic ventricular pressures as seen in canine [41] and clinical data [1] (Figure 2.8C and 

F), and a large septal leftward thrust as observed experimentally [28],[29] to the near

neutral position is seen in systole (Figure 2.81). The septum moves slowly rightward in 

diastole, coincident with increasing left-to-right pressure gradient, and when free wall 

contraction commences, the septum also begins to contract pushing further into the right 

ventricle before the leftward thrust. "Septal priming" prior to LV ejection initiates RV 

outflow movement and a lengthened RV ejection is observed. At the end of systole, the 

septum recoils toward the RV giving an extra boost to RV stroke output, before pulmonic 

valve closure. Thus pulmonic valve closure is delayed by an active septum and septal 

assistance to RV systolic function [41] can be pinpointed to these two occurrences, both 

of which are not present in cases a and b, which may be hemodynamically significant. 
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Figure 2.8: Comparison of Septal Models 
Ventricular and arterial pressures and septal volume for three septal models
case a: passive septum with linear end-systolic pressure-volume relationship 
(ESPVR) held throughout cardiac cycle (Panels A, D, G); case b: passive septum 

with nonlinear end-diastolic pressure-volume relationship (EDPVR) held 
throughout cardiac cycle (Panels B, E, H); case c: active septum with linear 

ESPVR and nonlinear EDPVR modulated by a septal activation function in the 
cardiac cycle (Panels C, F, I) (see text for details). For case a, the septum is 

highly noncompliant and nearly fixed at neutral position. This curtails systolic 
PLv and creates an abnormal upward slope in systolic PRv. Case b severely 

bows the septum rightward and the relatively stiff septum, whose movement 
is subject only to left-to-right trans-septal gradient, mirrors PLv. Systolic PRv is 
high due to rightward septal position during systole. With the active septum of 
case c, systolic ventricular pressures have opposing slopes as seen in clinical 

data [11]. The septum is activated at systole to produce a strong leftward 
thrust (D =Diastole, S =Systole). 

P-V loops of the four cardiac chambers are given in Figure 2.9 for all three cases. 

For case a, the stiff septum in the neutral position reduces the size of LV (Figure 2.90), 

increasing end-diastolic PLv and restricting LV filling, while increasing systolic PRv due 

to no leftward movement, and providing no aid to RV ejection (Figure 2.9C). Alternately 
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in case b, the relatively stiff and severely rightward-bowed septum expands VLv and 

reduces VRv overall, greatly increasing systolic PRv and playing a limited role in 

ventricular ejection (Figure 2.9C-D). In both cases, the reduced cardiac output decreases 

PRA (Figure 2.9A) and end-diastolic PRv (Figure 2.9C). On the other hand, uncirculated 

blood accumulates in the pulmonary vasculature increasing PLA (Figure 2.9B). Increased 

RV stroke volume of case cover cases a and b is clearly demonstrated by the P-V loops 

analysis. 
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Figure 2.9: Chamber Pressure-Volume Relationships Using Different 
Septal Models 

P-V relationships for the four cardiac chambers shown for three septal 
model cases- case a: passive septum with ESPVR only (red); case b: passive 

septum with EDPVR only (blue); case c: active septum with ESPVR and EDPVR 
modulated by an activation function (see text for details). For case a, the stiff, 
unstressed septum reduces VLv, increasing end-diastolic PLv and restricting LV 

filling, while increasing systolic PRv due to no leftward movement, and not 
contributing to RV ejection. In case b, the less-compliant, rightward-shifted 
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septum expands VLv and reduces Vav overall, increasing systolic Pav and 
contributing little to ventricular ejection (Panels C-D). In both cases, the 

reduced cardiac output decreases PRA (Panel A) and end-diastolic Pav (Panel 
C). Reduced stroke volume causes blood to accumulate in the pulmonary bed, 

increasing PLA (Panel B). 

Septal Motion in Tamponade 

As mentioned previously, the active septum (case c in the previous section) has 

been employed consistently in this modeling study. To better analyze septal contribution 

to tamponade, plots of septal volume (VsPr) can be used to track septal movement, where 

septal volume is defined as the volume offset from the neutral septal position (see Figure 

1.3B), in which positive-slope VsPr indicates a rightward-shifting septum, and negative-

slope V sPr indicates a leftward shift. Due to the overall left-to-right trans-septal pressure 

gradient, the healthy septum is bowed rightward and V sPr is always positive. Septal 

volume is shown in Figure 2.10K-L for control and 1000-ml effusion cases, respectively. 

In early systole, the left-to-right pressure gradient produces an initial rightward septal 

movement (Figure 2.1 OK). Septal activation synchronous with ventricular free wall 

activation and subsequent isovolumic contraction during the pre-ejection period (PEP) 

produces leftward movement against the gradient which continues when the aortic valve 

opens (see label on Figure 2.10A). With aortic valve closure and septal deactivation 

synchronous with free wall deactivation, there is a left-to-right trans-septal pressure 

gradient producing the characteristic opposing slopes in systolic PRv and PLv (see Figure 

2.10C and E), moving the septum rightward. This movement serves to enhance RV stroke 

volume [41] and consequently improve LV filling through greater LV filling space. The 

onset of diastole is signaled by the opening of the tricuspid and mitral valves (Figure 
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2.1 OG and H) and the septum remains passive throughout diastole moved by the much 

smaller trans-septal pressure gradients set up by the early and late inlet flows to both 

ventricles [2]. PPERI (Figure 2.10A), tracking the low-amplitude intrathoracic pressure, 

has no significant influence in shaping cardiac pressures within the cardiac cycle. In 

severe tamponade however, PPERI bears a cardiac variation (Figure 2.10B) controlling 

chamber pressures, particularly those of the more compliant right heart. PPERI undergoes a 

systolic dip in pressure (see label on Figure 2.3B) drawing down PRv prematurely and 

closing the pulmonic valve (Figure 2.10F). Meanwhile, PLv displays a prolonged PEP 

that is associated with a delayed aortic valve opening (Figure 2.10D). Systolic ejection is 

further desynchronized in the two ventricles as compared to the control. The septum 

moves rightward due to the initial systolic left-to-right trans-septal gradient (Figure 

2.10L). This is followed by PEP with associated leftward septal movement. There 

movement shows a reduced downward slope in concert with an increased isovolumic 

period (compare Figure 2.3E with F, and Figure 2.10C with D). On ejection, the septum 

actively supports the LV stroke output with a leftward movement. The mid-systolic 

decline in PRv is associated with an early positive atrioventricular gradient across the 

tricuspid valve with resultant early inlet flow (Figure 2.10H), while the septum still 

remains left-shifted (Figure 2.10L). Therefore the tricuspid and mitral transvalvular flow 

initiations are also desynchronized. Comparing the late systolic ejection period, the right 

septal movement under normal situation occurs before the pulmonic valve closure, thus 

the septal movement has a functional component in assisting RV output (arrows in Figure 

2.10E and K) [41]. In contrast, in tamponade, the right septal movement (Figure 2.10L) 

in late systolic cycle occurs at a time when the pulmonic valve has already been closed. 
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Thus the septal movement contributes nothing to RV outflow in tamponade. Rather, it 

causes a brief increase in PRv (arrows in Figure 2.10F and L), which reduces the AV 

gradient and interrupts RV filling. This interruption of early diastolic QTc is observed as 

a split E-wave (Figure 2.10H). Comparing Figure 2.10K and L, diastolic septal volume is 

reduced, indicating an overall leftward shift in septal position. 

1 OOOml Effusion 

Time (s) 

Figure 2.10: Relation of Septal Motion to Hemodynamics 

Septal movement is tracked by plotting septal volume VsPTVS. time, in 
which positive VsPT is rightward septal position, zero VsPT is the unstressed or 

neutral septal position, and negative VsPT is leftward septal position. 
Pericardia! pressure shown in control (Panel A) and 1000 ml effusion cases 
(Panel B) during inspiration. Remaining panels show LV pressure (Panels C

D), RV pressure (Panels E-F), tricuspid flow (Panels G-H), mitral flow (Panels 1-
J), and septal volume (Panels K-L). LV systolic and diastolic intervals are 

indicated by dashed vertical lines, coincident with mitral valve opening and 
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closure. The ejection times are offset in the two ventricles, with late aortic 
valve opening (AO) coincident with delayed septal leftward thrust and early 

pulmonic valve closure (PC) with premature reduction in Pav due to PPERI 
systolic dip. The septum remains left-shifted at the start of right ventricular 
filling. With rightward septal movement upon deactivation (bold arrows in 
Panels E-F and K-L) flow is interrupted and a split E-wave is produced (see 
text for details). (AO =aortic valve opening, AC = aortic valve closure, PO = 

pulmonic valve opening, PC = pulmonic valve closure) 

In severe tamponade, the abnormal prolongation of PEP in PLv bears a respiratory 

variation that can be observed in both canine [32] and clinical data [37],[42]. Figure 2.11 

shows digitized record of analog data reported in a cardiac tamponade case by Murgo et 

al. [37], where plots of PLv and aortic root pressure (P Ao) during expiration (solid line) 

and inspiration (dashed line) are overlaid for the two cases post-pericardiocentesis 

(control) and pre-pericardiocentesis (tamponade). We note from this data that the 

isovolumic relaxation phase remains unchanged throughout the respiratory cycle; hence 

we have aligned single cycles of PLv in inspiration and expiration relative to this phase 

and in particular with aortic valve (AOV) closure. In control, respiratory effects are 

minor as reported in [42]. With tamponade (Figure 2.11B) pressures fall significantly in 

systole, PEP is slowed, and ejection time is reduced. 
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Figure 2.11: Digitized Recordings of Left Ventricular Variation in 
Respiratory Cycle 

High-fidelity micromanometer recordings of left ventricular (PLv and 
aortic pressure (PAo) before and after pericardiocentesis, digitized from 
clinical data published in [37]. Control (Panel A) is assumed to be post

pericardiocentesis. In both panels, a single cardiac cycle during expiration has 
been overlaid with a single cardiac cycle during inspiration, aligned at aortic 
valve closure for comparison. In the control case (Panel A), pressures drop 

slightly on inspiration. With tamponade (Panel B) pressures fall significantly 
in systole, pre-ejection period is delayed in cardiac cycle, and ejection time is 

reduced. Data from Murgo et al. [37], specifically, Figs. 2-3, pp. 193-4. 

Model-generated results reveal a similar respiratory effect on PLv with tamponade 

(Figure 2.12). Figure 2.12 relates PLv, VLv and septal volume under conditions of control 

and severe tamponade. The influence of respiration on these waveforms is shown in 

terms of single cycles of overlaid tracings during expiration, inspiration and breath-
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holding at mean PPL· Minor respiratory variations in LV end-diastolic volume (L VEDV) 

and diastolic VsPT are apparent in Figure 2.12C and E, with maximum VLv and septal 

rightward shift during expiration. Systolic respiratory variation is negligible. For the 

tamponade case, with inspiration, PEP is prolonged (Figure 2.12B) and aortic valve 

opening (AO) is delayed. Reduction in magnitude of L VEDV and its increased 

respiratory variation is evident (compare Figure 2.12C and D). The upstroke phase in 

PLv is correspondingly marked by a delayed leftward septal movement (Figure 2.12F), as 

V sPT bears a reduced downward slope until AO, when septal movement can once again 

support ejection with strong leftward movement. 

With pericardia! effusion, the combined effect of prolonged PEP and increase in 

heart rate shortens the LV ejection time (LVET) as noted in [42]. LVET is greatest in 

expiration and lowest in inspiration as evident in Figure 2.1 0, with a respiratory variation 

of 3% in control and 28% in severe tamponade (Table 2.3). Prior to ejection, LV filling 

volume varies as shown by respiratory variation in L VEDV of 6% in control and 19% in 

tamponade. As a result of both of these effects, LV stroke volume (L VSV) on inspiration 

is reduced by 5% in control and 26% in tamponade compared to expiration. 

Respiratory variation occurs in RV ejection time (RVET) as well, but with an 

increase in RVET of 3% for control and 13% for tamponade on inspiration compared to 

expiration. RV end-diastolic volume (RVEDV) varies by 26% for control and 49% for 

tamponade. RV stroke volume (RVSV) also varies by 39% for control and 59% for 

tamponade with maximum RVSV at inspiration. As can be noted to occur with 

tamponade, ejection time is more varied in the LV than the RV [36], but end-diastolic 
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volume varies more in the right. The combined effect of both gives a variation in stroke 

volume that is greater in the right. Results are tabulated in Table 2.3. 

With tamponade, septal motion reflects abnormal hemodynamics associated with 

the pericardia! constraint, i.e., the desynchronization and shortening of RV and LV 

ejection times which is exacerbated with inspiration. It should be noted that the use of 

term desynchronization to describe different ejection intervals should not be confused 

with asynchrony of electrical conduction through ventricles, as ventricular activation 

functions in the model are synchronized in time. 

Control lOOOml Effusion 

- Exp 
- lnsp 
- Mean 

1.5 

Time (s) 

Figure 2.12: Left Ventricular Performance Variation in Respiratory 
Cycle 

An in-depth look at respiratory variation in left ventricular 
performance with tamponade. Model results are given for the control case 
and the severe tamponade case (1000ml effusion) in the first and second 

columns, respectively. One cardiac cycle displaying Ptv and PAo during 
expiration (red), inspiration (blue), and fixed mean PPL (black) are overlaid 

with alignment of aortic valve closure (Panels A-B). Panels C-D show left 
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ventricular volume, and Panels E-F show septal movement. In the control case, 
aortic valve opening (AO) and pre-ejection period (PEP) varies with 

respiration; specifically, during inspiration, PEP is slowed, delaying AO, and 
reducing the ejection time (Panel A). With tamponade, PEP on the whole is 
slowed compared to control, and the respiratory variation is exaggerated 

(Panel B). The elongated PEP is also evident in VLv (Panel D). During the PEP, 
the septum hangs in the neutral position, delaying the leftward thrust which 
can only start at AO (Panel F). (AO = aortic valve opening, AC = aortic valve 

closure, MO =mitral valve opening, MC =mitral valve closure) 

PPL Control 
(mmHg) (Cardiac Period = 0.96 sec) 

RVET RVEDV RVSV RPEP LVET LVEDV LVSV LPEP(s 
(sec) (ml) (ml) (sec) (sec) (ml) (ml) ec) 

Exp. (-1) 0.37 133.2 77.7 0.12 0.29 134.1 98.3 0.21 
Insp. (-10) 0.38 168.4 108.3 0.08 0.28 126.5 90.8 0.23 

%Diff. 2.7 26.4 39.4 -33.3 -3.5 -6.0 -7.6 9.5 

PPL lOOOml Effusion 
(mmHg) (Cardiac Period = 0.84 sec) 

RVET RVEDV RVSV RPEP LVET LVEDV LVSV LPEP 
(sec) (ml) (ml) (sec) (sec) (ml) (ml) (sec) 

Exp. (-1) 0.23 54.3 42.0 0.11 0.25 92.9 64.6 0.20 
Insp. (-10) 0.26 80.7 66.6 0.04 0.18 75.3 48.0 0.28 

%Diff. 13.0 48.6 58.6 -63.6 -28.0 -19.0 -25.7 40.0 

Table 2.3: Model-Generated Ejection Time and Volume Indices During 
Various Phases of the Respiratory Cycle 

RVand LV ejection time (RVET and LVET), RV and LV end-diastolic 
volume (RVEDV and L VEDV), RV and LV stroke volume (RVSV and LVSV), and 

RV and LV pre-ejection period (RPEP and LPEP) for expiration and inspiration. 
Percent difference with respect to expiration is given. Respiratory variation is 
increased with tamponade, with reduced ejection time, end-diastolic volume, 
and stroke volume and increased pre-ejection period on inspiration seen in 

the left heart, but opposite effects in the right heart. 

2.4.2.3. Pulmonary Vasculature 

The pulmonary vasculature serves as a blood reservoir connecting the left and 

right hearts. In severe tamponade, pulmonary blood pooling is observed by a 20% 
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increase in mean pulmonary vascular volume (compare Figure 2.13C and D). In the 

control scenario (Figure 2.13C), pulmonary volume displays two peaks in a cardiac cycle, 

the upward stroke in the major peak associated with RV systolic ejection, followed by a 

second upward stroke and minor peak associated with pulmonary venous reversal flow 

from the left atrium at the end of diastole [43]. In tamponade, this pattern is seen with 

reduced excursion in volume (Figure 2.130), as a result of reduced RV stroke volume 

and elevated left heart pressures due to pericardia! constraint. Left heart compression 

prevents normal venous return, possibly correlated with the accumulation of blood in the 

pulmonary vasculature. This is particularly true in inspiration as seen with the 

corresponding PPL waveforms (Figure 2.13A-B). Pulmonary venous return occurring 

during the downward stroke of the major peak exhibits a distinct two-phase return, i.e., 

systolic and diastolic return. Left heart A V interaction is evident with this feature, with 

increasingly prominent systolic return and diminished diastolic return. 
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Figure 2.13: Pulmonary Vascular Volume 
Pulmonary vascular volume for control (Panel B) and tamponade (Panel D) 

cases. With 1000ml effusion, the mean pulmonary vascular volume increases 
by 20.8% due to compressed ventricles. Two increases in pulmonary volume 
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take place in a cardiac cycle, namely, one due to RV ejection in systole (labeled 
S) and the other due to pulmonary venous reversal flow at end of diastole 
(labeled D) from the left atrium. Effusion limits pulmonary venous return, 
resulting in lower volume excursion per cardiac cycle and accumulation of 

blood in the pulmonary vasculature. Left heart atrioventricular interaction is 
observed with distinct systolic and diastolic venous return phases, the 

diastolic/systolic volume ratio smaller than in control. With respiration 
shown in Panels A-8, mean pulmonary blood is maximum on inspiration due 

to higher RV inflow and lower LA outflow. 

2.4.2.4. Gas Exchange 

Model-generated acid-base balance in the lungs and alveoli, peripheral tissue, and 

brain were monitored for changes due to tamponade. For increasing levels of effusion, 

cardiac output was plotted against 0 2 and C02 partial pressures, percent saturation, and 

arterio-venous (A-V) percent concentration differences (Figure 2.14), averaged over a 

respiratory cycle, modeled after a canine study [44]. Partial pressures were taken at the 

exit end of the tissue, i.e., venous pressures in peripheral tissue and brain, and arterial end 

of lung. Table 2.4 shows numerical values for key indices for control and severe 

tamponade. With tamponade, peripheral tissue reflects reduced blood oxygenation with 

lowered venous P02, increased venous PC02, and reduced S02 (Figure 2.14B and E). 

Furthermore there is increased A-V difference in C02. Situations of lowered cardiac 

output have been shown to exhibit increased A-V difference in C02 [45]-[47] as well as 

increased venous PC02 [45],[46] due to a combination of arterial hypocapnia and venous 

hypercapnia. This is a result of slower blood flow causing accumulation of C02 [48]. 

Reduced cardiac output causes a state of hypoperfusion, lowering 0 2 delivery to tissue 

demonstrated by P02 and S02 reduction. The lung tissue reflects these changes to a lesser 

extent. The cerebral circuit model on the other hand is autoregulated to maintain cerebral 
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blood flow [9]. With hypercapnia, cerebral blood flow increases to improve oxygenation 

and increase C02 washout, as shown by the maintenance of A-V difference in C02 as 

well as P02, S02, and 0 2 A-V difference. Control values for partial pressure (Table 2.4) 

vary from previously reported values [1] as a different respiratory pattern has been used 

in this study. The lower inspiratory PPL causes more gas intake and the relatively longer 

expiratory phase releases higher levels of C02• The simulation results suggest that in 

severe tamponade a deeper respiratory pattern would tend to counteract the hypoxic 

effect of lowered cardiac output with greater oxygenation and C02 removal. Further 

investigation of breathing patterns seen in tamponade patients is suggested by these 

model observations. 

-= ... 
~ .... = .& = 0 

Lung 
7~------------~ -0 

6 \- cb2 
5 

4 
( 

A 
1o 40 60 80 100 120 140 
7 Partial Pressure (mmHg) 

6 

s\ 
4 ~'• 

D 
60 70 80 90 100 
Saturation (%} 

7.--=~~~~~~ 

6 

/ \ 5 

4 

Peripheral Tissue 
7-o 

2 

6_co2~ 
5 

4 
B 

1o 30 40 50 
7 Partial Pressure (mmHg) 

6 

5 

4 
E 

~0 60 70 80 90 100 
7 .----"S~at,_,u"-'ra,..t~io"-'n-'-('0~Vo;.z...._ )___, 

Brain 
7.---=---------~ 

-02 

6- C02\~ 
5 \ 
4 \ 
c 

1o 30 40 50 
.. Partial Pressure (mmHg~ 
I 

6 

5 

4 \\ 
F 

~0 60 70 80 90 100 
7 ,_~S~at~u~ra~ti~o=n~('0~Vo~)~ 

:; \ : J ) 
3 G 3 H !1L!..OI-~-~-~---' 
-10 -5 0 5 10 -10 -5 0 5 10 -5 0 5 10 

A-V Concentration Difference(%) A-V Concentration Difference(%) A-V Concentration Difference(%) 

Figure 2.14: Gas Exchange 
Gas exchange indices for lung, peripheral tissue and brain for graded levels of 
effusion. Panels A-C show cardiac output (CO) vs. partial pressures, Panels D-F 
show CO vs. percent saturation, and Panels G-1 show CO vs. arterio-venous (A-

V) percent concentration difference for 02 and C02. With decreasing CO, 
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peripheral tissue shows hypercapnia and decrease in oxygenation with 
lowering PC02, percent saturation and increased COz A-V difference; opposite 

trends are present for Oz. Lung displays similar characteristics to a lesser 
extent. The cerebral tissue shows signs of hypercapnia but autoregulation of 
cerebral blood flow limits hypercapnia and increases oxygenation, shown by 

minimal COz A-V difference, POz and SOz. 

Tissue Gas Exchange Parameter 15ml 1000 ml 
Type effusion effusion 

(control) 
Lung P02 (mmHg) 123.4 122.0 

PC02 (mmHg) 33.9 32.4 
so2 (%) 98.9 99.0 

A-V 02 concentration difference(%) -4.0 -6.3 
A-V C02 concentration difference(%) 3.9 7.1 

Peripheral P02 (mmHg) 46.1 37.3 
Tissue PC02 (mmHg) 40.6 44.3 

so2 (%) 81.1 68.6 
A-V 0 2 concentration difference(%) 3.7 6.2 

A-V C02 concentration difference(%) -4.5 -7.2 
Brain P02 (mmHg) 35.4 35.4 

PC02 (mmHg) 43.2 41.5 
so2 (%) 65.5 66.2 

A-V 0 2 concentration difference(%) 6.7 6.3 
A-V C02 concentration difference (%) -6.5 -5.8 

Table 2.4: Model Parameters of Gas Exchange Function 
Model parameters indicating gas exchange function in lung, peripheral tissue, 
and brain. The breathing pattern is the pseudo-human respiratory waveform 

used in this study. With tamponade, peripheral tissue reflects effusion
induced oxygenation reduction with fall in Oz partial pressure (POz), rise in 

COz partial pressure (PCOz), and reduced Oz percent saturation (SOz). There is 
little change in POz, PCOz and SOz in the lung and brain. A-V OzfCOz 

concentration difference measures the percent gas concentration difference 
in the arterio-venous (A-V) path. This Oz and COz concentration difference 

increases in lung and peripheral tissue with slower blood flow allowing more 
time for oxygen intake and increase in COz. A-V differences remain largely 

unchanged in the brain due to the built-in autoregulation mechanism of the 
cerebral circuit. Using the pseudo-human respiratory waveform, control POz 

is higher and PCOz is lower than previously reported model results [11] due to 
deeper inspiration and relatively longer expiration. SOz is also slightly 

increased. 
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2.4.2.5. Section Summary 

Respiration produces variation in cardiac pressures and flows. While in the 

control case respiration predominantly affects the right heart, with pericardia! effusion, 

left heart respiratory variation becomes more significant and comparable to right heart 

respiratory variation. Pulsus paradoxus is present with 1000 ml effusion, with systolic 

blood pressure variation increasing further with deeper inspiration. 

Modeling the biphasic motion of the septum, in which the septum actively recoils 

rightward and thrusts leftward during systole, is possible only with an active septal 

model, as demonstrated by comparison to two passive septum models. Motion of the 

active septum demonstrates the mechanisms for prolonged LPEP, shortened ejection 

times, and right-left desynchronization of filling and ejection periods. 

The pulmonary vasculature demonstrates blood volume congestion in tamponade, 

in association with the elevated chamber pressures, and decreased equilibrium cardiac 

output. 

Demonstration of gas exchange variation with pericardia! effusion yields 

observations consistent with literature on cardiac failure revealing the state of 

hypoperfusion in tamponade. 

2.4.3. Mechanism of Pulsus Paradoxus 

Shabetai, et al. [23],[15] concluded that the mechanistic explanation for the 

inspiratory LV stroke volume (L VSV) drop in pulsus paradox us is the increase in right 
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heart venous return. We conducted two virtual experiments using the H-CRS model to 

examine this hypothesis, namely that right heart venous return is the primary cause for a 

change in LVSV. Two possible types of right-left interaction (parallel and series 

ventricular interaction) are demonstrated and their relative contributions to pulsus 

paradoxus are assessed. 

2.4.3.1. Experiment 1: Effect of Increased Right Heart Venous Return 

77 

A virtual experiment based on the canine study of Shabetai, et al. [15] was 

performed to observe the effect of increased right heart venous return on the 

hemodynamics of the left heart independent of respiration. Specifically, at a constant PPL 

of -3 mmHg, a triangular volume pulse of venous return to the right atrium mimicking a 

single inspiratory increase in venous return was introduced in the model and tracked over 

several heart cycles. In the control case, the volume pulse caused a 4-mmHg increase in 

pulmonary arterial pressure followed three beats later by a 1 0-mmHg increase in aortic 

pressure. However, under conditions of severe tamponade, the same volume pulse caused 

a 5-mmHg increase in pulmonary arterial pressure and a simultaneous 5-mmHg drop in 

aortic pressure, followed by a 9-mmHg increase from baseline in aortic pressure three 

beats later. The stroke volume variation demonstrated takes place over a period of 

roughly 7 seconds, or the duration of a single breathing cycle, and the arterial pressure 

excursion matches that seen in a single breath. This experiment demonstrates two effects 

of increased venous return that are exaggerated in tamponade: the immediate drop in 

L VSV as well as an increase in L VSV occurring three beats later. 



------------------

2.4.3.2. Experiment 2: Isolated Series and Parallel Ventricular Interactions 

The second experiment involved isolation of the two ventricular interaction 

mechanisms for analysis of their relative contributions to LVSV variation. To study 

series interaction alone, the septum was stiffened 1 OOX from control to eliminate parallel 

ventricular interaction via the septum. Secondly, PPERI was held at mean pressure to 

eliminate parallel interaction via the pericardium. Normally in series interaction, 

inspiration increases RVSV that is carried over with a two-three heartbeat delay to the 

LV [31], [ 15]. The inspiratory increase in right heart venous return was simulated with a 

triangular, vena caval volume pulse as described in Experiment 1. The stiffened septum 

and fixed PPERI served to eliminate the immediate effects of VRv increase on the LV, 

allowing for quantification of the series effect on LVSV. With control effusion level, the 

volume pulse delivered to the right heart caused a 30.4% perturbational increase in 

RVSV. After 1.5 seconds, or roughly two heartbeats, LVSV increased by 3.3%. With 

1000 ml effusion, RVSV increased by 87.8% due to the volume pulse, followed by 

25.3% increase in LVSV 1.5 seconds later (see Table 2.5). Thus, through the series 

mechanism alone, there was a significant increase in LVSV variation during tamponade. 

However, the initial decrease of L VSV is not seen when parallel ventricular (septal) 

interaction is removed. 

To isolate parallel ventricular interaction, control and severe tamponade 

simulations were run under conditions of constant pulmonary venous pressure with an 

independent constant pressure pump placed at the input to the LA. This virtual setup 

eliminates right heart serial influence on the left heart (i.e., venous filling conditions for 
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the LV are constant). The triangular venous return pulse technique described earlier in 

Experiment 1 was again employed under conditions of normal septal stiffness and breath

holding at mean PPL· In order for a fair comparison of the L VSV percent variation in both 

isolated ventricular interaction setups, the chamber volumes in this experiment were 

scaled down to match the steady-state control stroke volume with that of the isolated 

series interaction control case. The percent change from steady-state in RVSV and L VSV 

was calculated for both the control and severe tamponade cases. With the perturbational 

venous volume increase under normal effusion level, RVS V increased by 41.1% and 

LVSV simultaneously decreased by 2.6%. With 1000 ml effusion, RVSV increased by 

40.0% while L VSV decreased by 28.9% (see Table 2.5). The percent change in L VSV is 

greatly increased with tamponade. Comparing the isolated series interaction experiment 

with that of the isolated parallel interaction experiment, the percent variation caused by 

parallel interaction in severe tamponade is roughly the same as that for series interaction. 

In severe tamponade, ventricular end-diastolic volumes tend to be 180° out of 

phase over the respiratory cycle [49]. Such a phasic relationship occurs as the result of 

parallel ventricular interaction and is due to the strong competition for filling space in 

tamponade. A sinusoidal breathing pattern was introduced for a clear calculation of the 

phasic relationship between ventricular end-diastolic volumes. The control case showed a 

phase difference between peak RVEDV and peak LVEDV of 138°. With heightened 

parallel interaction in severe tamponade, this phase difference increased to 167°. In a 

virtual experiment where PLA was controlled by a constant pressure source, thus 

eliminating the series effect, the phase difference increased further to 178°. 
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VPERI (ml) Series Ventricular Parallel Ventricular 
Interaction Interaction 

%Change %Change %Change %Change 
in RVSV inLVSV inRVSV inLVSV 

15 (control) 30.4 3.3 41.1 2.6 
1000 (severe tamponade) 87.8 25.3 40.0 28.9 

Table 2.5: Percent Changes in Stroke Volume in Isolated Ventricular 
Interactions 

Percent changes in RVSV and LVSV as a result of a triangular volume pulse 
delivered to the vena cava under breath-holding at mean PPL· The results for 
two experimental setups are shown, the first with isolated series ventricular 
interaction, the second with isolated parallel ventricular interaction for both 
control (15 ml) and severe tamponade (1000 ml) effusion levels (see text for 

details). The percent change in LVSVincreases with tamponade. Furthermore, 
for the two effusion levels, the percent change in LVSV is of comparable 

magnitude for both types of interactions, demonstrating that both are equally 
significant interactions. 

2.4.3.3. Section Summary 

The involvement of ventricular interaction in pulsus paradoxus is examined by 

way of tracking the effect on both ventricles of a vena caval volume pulse equivalent to a 

single inspiratory venous return increase. Parallel and series type ventricular interactions 

are isolated to compare the contributions of each to respiratory variation in LVSV. Model 

results reveal equally significant contributions to variation in LVSV. 

2.5. Discussion 

We have used our large-scale model of the H-CRS to simulate the compressive 

effects of cardiac tamponade on atrial and ventricular hemodynamics under conditions of 

normal and elevated tidal breathing. At levels of breathing consistent with observed 

breathing waveforms in severe tamponade [15], our modeling correctly simulates a wide 

range of hemodynamic waveform changes including chamber pressure equalization, 
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partial RA chamber collapse and AV interaction (Figure 2.3), abnormal septal motion, 

abnormal and highly varying flows (Figure 2.6), and pulsus paradoxus (Figure 2.7). The 

ability to characterize the hemodynamic waveforms in some detail greatly facilitates 

biophysical interpretation and yields insight into mechanisms underlying cardiac 

tamponade. This is particularly true of the subtle components of the right atrial and 

pericardia! pressure waveforms that change dramatically in tamponade. 

It should be noted that our composite model represents a patient whose heart has 

normal characteristics based on various data sources but is encased in an abnormal 

pericardium of the patient described by Reddy et al. [20]. Therefore, qualitative and not 

quantitative correlation (i.e., Figure 2.2) is expected. 

Our modeling study presents a unique view of tamponade ranging from the 

dynamics occurring in a single cardiac cycle and how they come to play over a cycle of 

respiration, including analysis of septal motion, valve flows, chamber volumes, and 

pressures. This is largely due to our characterization of the septum as a third contractile 

pump. This premise provides the platform for atrioventricular as well as right-left 

ventricular interactions. Our heart model thus yields accurate representations of 

ventricular pressures [1],[2],[41], including the specific septal contribution to RV systolic 

ejection, unlike the case when a passive septal model is used (see Figure 2.8). Moreover 

our work shows that with pericardia! effusion, septal motion influences A V interaction, 

desynchronization of right and left heart ejection, and reduced ejection times, which are 

phenomena not demonstrated by the Sun et al. model [ 10]. In addition, the respiratory 

section of the model is used to provide predictions of gas exchange with pericardia! 



effusion, yielding additional insights consistent with clinical observations on 

hypoperfusion. The respiratory pattern used in this study, which bears asymmetric 

emphasis on expiration and deeper inspiration, aids in the oxygenation of peripheral 

tissue, reducing the hypoxic and hypercapnic effects of severe tamponade. These 

elementary observations point out the need for in-depth observation of spontaneous 

breathing patterns in tamponade patients as well as laboratory experiments that examine 

ventilation patterns and effectiveness of gas transport in tamponade. 

2.5 .1. Atrioventricular Interaction 

In the thin-walled right heart, clinically observed features such as an elevated PRA 

and lack of the y-descent feature [23] have been shown to be sensitive indicators of the 

effect of pericardia! constraint and increased AV interaction [33]. The display of model

generated hemodynamic variables shown in Figure 2.3 and Figure 2.4 allow us to 

interpret A V interaction and its enhancement by septal motion and the production of 

pulsus paradox us at normal levels of breathing. With pericardia! constraint, the pattern of 

atrial filling is largely dependent on ventricular size, and hence the septal position. 

Systolic ventricular emptying allows for maximum atrial filling. The systolic interval has 

two parts: PEP and ejection. In tamponade, LPEP increases due to reduced preload [ 42] 

whereas RPEP is relatively unaffected. Since the start of systole is the same for both 

ventricles, this produces a disparity in the start of ventricular ejection times, slowing 

aortic valve opening and delaying septal motion. This produces a largely labored systolic 

atrial filling, with maximum atrial volume when the septum is maximally leftward. 

Hence, the pericardia! constraint that produces the lock-step atrial filling with the systolic 
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dip of the PPERI waveform and ventricular filling with the diastolic dip is further impacted 

by septal motion. Elevated PPERI steers chamber pressures to undergo similar variations, 

particularly in the relatively more compliant right heart. In systole, the pericardia! systolic 

dip draws PRv down as well, causing a premature pulmonic valve closure and early 

tricuspid flow. Normally, septal rightward motion upon deactivation administers a final 

aid to RV stroke output; however, due to the premature cessation of RV systole and 

commencement of tricuspid flow, this septal rightward thrust does no more than briefly 

interrupt RV filling. Therefore, pericardia! constraint introduces desynchronization of 

outlet and A V valves, altering the nature and stroke volume impact of septal motion, 

respectively. Our simulation studies also show that pericardia! constraint alone produces 

abnormality in septal mechanics regardless of the level of respiration (Figure 2.12), but to 

even greater degrees with deeper levels of breathing. 

2.5.2. Flow Abnormalities 

Changes in flow due to tamponade were demonstrated with the H-CRS model. 

Flow respiratory variation becomes equally significant in both sides of the heart (Figure 

2.6). Venous flows exhibit lower DIS ratios with increased A V interaction. In 

transvalvular flows, there is a clinically observed reduction [26],[38] in the E-wave 

magnitude due to impaired filling in early diastole and there is a more dominant A-wave 

in late diastole. In severe tamponade (1000 ml), our simulations predict the existence of a 

split E-wave. We have explained the genesis of the early component of the split E wave 

in connection with Figure 2.10, implicating early relaxation of the RV pressure waveform 



and septal movement. The split E-wave occurs only in the tricuspid flow waveform, only 

at high levels of effusion (1000 ml and greater), and at low PPL· To our knowledge, the 

split E-wave phenomenon has not been documented in the clinical literature, and 

therefore it remains a model prediction that should be examined more closely in future 

studies. 

2.5.3. Signs of Pulsus Paradoxus 

With tamponade, respiratory-associated hemodynamic fluctuation is exaggerated 

in the left heart, and is increasingly out of phase with the right heart, signaling pulsus 

paradoxus. It has been noted that deep tidal levels of inspiration exaggerate pulsus 

paradoxus [25],[32],[35],[38],[50]. Elevated venous pressures in tamponade, combined 

with lowered pleural pressures during inspiration, causes a relatively larger 

atrioventricular pressure gradient in early diastole, and hence greater fluctuations in 

ventricular filling with respiration compared with control. Our simulations confirm this 

with exaggerated flow and pulse pressure variations. 

Pulsus paradoxus is also a common occurrence in asthma patients, who tend to 

exhibit wide respiratory excursion and low pleural pressures on inspiration [35]. 

Respiratory pattern changes are often associated with tamponade, i.e., dyspnea (shortness 

of breath) [23]. Deeper spontaneous respiration has been observed in dog experiments 

with induced pericardia! effusion [15],[38]. The influence of respiratory pattern on the 
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level of pulsus paradoxus leads to possible future model investigation of the respiratory

related onset of pulsus paradoxus in cases such as asthma. 

2.5.4. Mechanisms of Pulsus Paradoxus 

Historically, pulsus paradoxus has been explained in several ways including: (a) 

diaphragmatic descent on inspiration causing an increase in pericardia! pressure which 

impedes LV filling [51]; (b) failure to transmit pleural pressure changes to the left heart 

by a taut pericardium that results in lowered pulmonary venous return [50],[52],[53]; (c) 

increased ventricular interdependence due to competition for filling space which 

increases respiratory variation [49]; (d) increased trans-pericardia! pressure on inspiration 

which lowers LV filling [15],[49]; and (e) inspiratory leftward septal bulge which 

decreases LV ejection [32]. 

It is generally agreed that in tamponade with a normal breathing pattern, 

inspiration produces an increase in right heart venous return and subsequently the left 

heart phenomenon of LVSV reduction [24],[27],[15]. This statement describes the 

phenomenon of pulsus paradoxus, but not the underlying mechanisms. Our modeling 

studies dig deeper to explore putative mechanisms and we propose that pulsus paradoxus 

in tamponade is the result of two types of exaggerated ventricular interaction (series and 

parallel), as well as A V interaction for each heart that changes the operating 

characteristics of the ventricles. In particular, series interaction plays a dominant role in 

producing pulsus paradoxus as the normal respiratory variation in filling volumes 
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becomes significant with overall lowered stroke volume in tamponade. Parallel 

interaction is a result of space limitations imposed by pericardia! constraint, increasing 

ventricular interaction both via the septum and via the pericardium. The manifestation of 

this dominant pericardia! constraint as it affects chamber mechanics is A V interaction. 

Pericardia! constraint increases A V interaction and results in lowered filling, decreasing 

LV preload and delaying leftward septal movement on systole; this shortens L VET and 

further reduces stroke volume, while the abnormal septal motion enhances A V 

interaction. RVET is also shortened with premature RV relaxation causing early 

pulmonic valve closure, and a reduction in RVSV. Thus, AV interaction in tamponade 

affects chamber mechanics during diastole directly, which carries through to affect 

ejection dynamics and the septal pathway by which the ventricles interact. The second 

aspect of parallel interaction is ventricular interaction via the pericardium. Localized, 

respiratory filling variation in one ventricle is transmitted to the pericardium as a pressure 

change, and hence transmitted to the other ventricle via the pericardium. Respiration

induced venous filling also has an important additional effect on septal position and 

consequently the swing of septal pumping. In tamponade, the leftward thrust during 

systole is delayed further on inspiration, bringing LVSV to a minimum, whereas RVSV 

is maximum at this point with greatest end-diastolic volume and RVET. The parallel 

ventricular interaction mechanism alone causes a near 180° phase difference between the 

RV and LV volumes in tamponade. 

Experiment 2 (Results section) on Isolated Series and Parallel Ventricular 

Interactions shows that these two mechanisms for ventricular interaction cause a 
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significant respiratory variation in LVSV with tamponade. By virtue of the matched 

stroke volumes in control cases for the isolated series and isolated parallel interaction 

experimental setups, the contribution of each mechanism to L VSV variation could be 

evaluated. This comparison shows that the contribution by the parallel mechanism 

(28.9% variation) is roughly the same as that of the series mechanism (25.3% variation) 

(Figure 2.3). 

2.5.5. Theories Regarding Other Mechanisms 

Other mechanisms for production of pulsus paradoxus are quoted in vanous 

studies. Golinko, et al. [52]and Ruskin, et al. [50] support the theory that LV filling is 

impeded by a lowered and/or reversed pulmonary venous to LA pressure gradient on 

inspiration, which is accompanied by pulmonary blood pooling. Our simulations predict 

that pulmonary blood pooling is due to constriction of the cardiac chambers. As seen in 

Figure 2.3, our virtual experiments show that pulmonary venous reversal flow actually 

decreases with effusion. Furthermore, an experiment not detailed in this paper shows that 

the phasic relationship between RVEDV and LVEDV changes for various breathing 

frequencies indicating LV volume fluctuation is independent of pleural pressure, and 

dependent rather on RV volume fluctuation. Shabetai, et al. [15] demonstrates that 

L VSV decrease in pulsus paradox us is a right-sided phenomenon that is manifested in the 

left heart. Our model results show right-sided contributions to the left heart respiratory 

variation via the pulmonary vascular pathway, via the pericardium, and via the septum. 

However, left heart AV interaction is also observed in our model, in which pericardial 
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constraint independently alters LA and LV mechanics, thus contributing to the nature of 

the pericardia! pressure waveform and hence septal movement. 

Another theory is that inspiration during tamponade creates an increased pressure 

afterload [25],[52],[54]. Simulations not included in this paper have examined the 

pressure difference between ventricular pressure and arterial pressure during systolic 

ejection, to look for an increase in this pressure difference LW as an indicator of increased 

afterload. Although an observable variation with respiration is seen in the left heart, with 

maximum LW at inspiration, the overall ~p level is reduced when compared to the control 

case. The model predicts that this systolic effect of afterload is not increased with 

tamponade. Our studies show that in tamponade the fundamental mechanism in L VSV 

reduction is reduction in LV preload from pericardia! constraint. It is further reduced by 

inspiration due to ventricular interaction, which in turn lowers LVSV. The underlying 

mechanism involved in systole is a variation of LPEP that is fundamentally attributed to 

A V interaction from pericardia! constraint and modulated by respiration. One might 

observe this reduction in L VSV in inspiration and attribute it to an increased afterload 

presented to the ejecting ventricle. However, our simulations suggest that the mechanism 

for reduced stroke volume is the change in the operating characteristics of the septum and 

the influence that respiration has on those same mechanical characteristics. The septum 

after all is a vital part of the important parallel ventricular interaction pathway. 



2.6. Conclusions 

Large-scale integrated models of the human cardiovascular and respiratory 

systems can provide a means of analyzing complicated problems associated with critical 

care medicine. Cardiac tamponade with pulsus paradoxus is only one example. Our H

CRS model has allowed us to dissect the problem into two aspects: 1) pericardia! 

constraint modifying ventricular and septal mechanics, hence, lowering stroke volume, 

and 2) ventricular interaction relating to how respiration varies RV and LV stroke 

volume. 

Our model offers two explanations for lowered stroke volume seen in cardiac 

tamponade. They are independent effects of pericardia! constraint, one occurring in 

diastole and the other occurring in systole. In diastole, pericardia! constraint causes 

overall filling volume constraint, due to both ventricular constriction and A V interaction, 

which reduces the overall volume available from the atria. The reduction of filling 

volume contributes to a reduction in stroke volume. In systole, pericardia! constraint 

causes reduced LV preload, resulting in abnormal septal movement in early systole and 

premature reduction in PRv· These effects prolong LPEP, reduce RV and LV ejection 

times, and thereby reduce stroke volume. Thus, with the aid of the model, we have been 

able to break down pericardia! constraint into diastolic and systolic components. The 

diastolic effects are well known in literature, but our simulations suggest that the systolic 

effects come about because of A V interaction determining LV preload. 
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Respiratory variation in stroke volume manifests itself as pulsus paradoxus, and 

we have identified parallel and series ventricular interactions as mechanistic 

explanations. Specifically, parallel interaction occurs with respiratory fluctuation of right 

heart inflow because of filling volume constraint (imposed by the septum and 

pericardium) and abnormal septal movement. These are both a direct result of A V 

interaction stemming from pericardia! constraint. Likewise, respiration controls septal 

movement, favoring one heart over the other in systolic ejection. Series interaction exists 

due to the nature of the series blood pathway, but the magnitude of filling volume 

variation is exaggerated in tamponade due to lower stroke volumes. The end result of 

these multifaceted parallel and series interactions is a 180° phasic relationship between 

the ventricular end diastolic volumes. Importantly, we show both these interactions have 

an equal and significant contribution to L VSV respiratory variation, and hence to pulsus 

paradox us. 

Our H-CRS model has the following impacts to the field of tamponade study: 

(a) It fully describes the clinical hemodynamic spectrum of tamponade including right 

heart signs, pulsus paradoxus, transvalvular flow variation at the cardiac inlets and 

outlets, and cardiac output compromise; 

(b) It introduces the concept that fluid pericardia! pressure in tamponade directly 

modulates cardiac chamber dynamics in both diastole and systole; 



(c) It quantitatively dissects the exaggerated right-left ventricular interaction, 

atrioventricular interaction, and the pleural (respiratory) pressure-mediated 

hemodynamic changes that is characteristic of pulsus paradox us in tamponade; 

(d) It introduces the concept that septal motion and septal characteristics directly affect 

ventricular interaction (i.e., septal motion is responsible for ventricular 

desynchronization in tamponade); 

(e) It produces a full hemodynamic and respiratory analysis of tamponade which may 

serve as a roadmap for future study of pericardia! diseases. 

2. 7. List of Abbreviations 

H-CRS =human cardiovascular-respiratory system; P-V =pressure-volume; RA =right 
atrium; LA = left atrium; RV = right ventricle; LV = left ventricle; SPT = septum; PERI 
= pericardium; TCV = tricuspid valve; PAY = pulmonic (arterial) valve; MV = mitral 
valve; AOV = aortic valve; PO = pulmonic valve opening; PC = pulmonic valve closure; 
AO = aortic valve opening; AC = aortic valve closure; S = systole; D = diastole; AR = 
reversal wave; A V = atrioventricular; PEP = pre-ejection period; SV = stroke volume; 
CO = cardiac output; HR = heart rate; MAP = mean arterial pressure; EDV = end
diastolic volume; RPEP = right ventricular pre-ejection period; LPEP = left ventricular 
pre-ejection period; RVSV = right ventricular stroke volume; LVSV = left ventricular 
stroke volume; RVET = right ventricular ejection time; LVET = left ventricular ejection 
time; A = pericardia! stiffness parameter; PRA = right atrial pressure; PLA = left atrial 
pressure; PRv = right ventricular pressure; PLv = left ventricular pressure; PPERI = 
pericardia! pressure; PTPERI = transmural pericardia! pressure; PPL = pleural pressure; PPA 
= pulmonary arterial pressure; P Ao = aortic pressure; Po = pericardia! pressure parameter; 
V RA = right atrial volume; V LA = left atrial volume; V RV = right ventricular volume; V LV 
= left ventricular volume; V PERI = pericardia! volume; V H = total heart volume; V o = 
pericardia! volume offset; V sPT = septal volume; Qvc = vena cava flow; Qpv = pulmonary 
venous flow; QTc = tricuspid flow; QM = mitral flow; QPA = pulmonary arterial flow; QAo 
= aortic flow; P02=02 partial pressure; PC02=C02 partial pressure; SOz=Percent Oz 
saturation; A-V=arterio-venous 

91 



Chapter 3 

Classification and Key Indicators of 
Left Ventricular Diastolic Dysfunction 

Using H-CRS Model 

3.1. Overview 

Mathematical modeling can be employed to overcome the practical difficulty of 

isolating the mechanisms responsible for clinical heart failure in the setting of normal left 

ventricular ejection fraction (HFNEF). In a human cardiovascular respiratory system (H-

CRS) model we introduce three cases of left ventricular diastolic dysfunction (LVDD) (l) 

impaired left ventricular active relaxation (IR-type) (2) increased passive stiffness 

(restrictive orR-type) and (3) the combination of both (pseudo-normal or PN-type), to 

produce HFNEF. The effects of increasing systolic contractility are also considered. 

Model results showing ensuing heart failure and mechanisms involved are reported. 

We employ our previously described H-CRS model with modified pulmonary 

compliances to better mimic normal pulmonary blood distribution. IR-type is modeled by 

changing the activation function of the left ventricle (LV), and R-type by increasing 
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diastolic stiffness of the LV wall and septum. A 5th-order Cash-Karp Runge-Kutta 

numerical integration method solves the model differential equations. 

IR-type and R-type decrease LV stroke volume, cardiac output, ejection fraction 

(EF), and mean systemic arterial pressure. Heart rate, pulmonary pressures, pulmonary 

volumes, and pulmonary and systemic arterial-venous 0 2 and C02 differences increase. 

IR-type decreases, but R-type increases the mitral E/A ratio. PN-type produces the well

described, pseudo-normal mitral inflow pattern. All three types of L VDD reduce right 

ventricular (RV) and LV EF, but the latter remains normal or near normal. Simulations 

show reduced EF is partly restored by an accompanying increase in systolic stiffness, a 

compensatory mechanism that may lead clinicians to miss the presence of HF if they only 

consider L VEF and other indices of LV function. Simulations using the H-CRS model 

indicate that changes in RV function might well be diagnostic. This study also highlights 

the importance of septal mechanics in L VDD. 

The model demonstrates that abnormal LV diastolic performance alone can result 

in decreased LV and RV systolic performance, not previously appreciated, and contribute 

to the clinical syndrome of HF. Furthermore, alterations of RV diastolic performance are 

present and may be a hallmark of LV diastolic parameter changes that can be used for 

better clinical recognition of LV diastolic heart disease. 

3.2. Background 

Frequently, heart failure symptoms occur in the presence of a normal left 

ventricular ejection fraction (HFNEF), however, some do not regard "diastolic heart 
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failure" as synonymous with HFNEF, because diastolic abnormalities alone may not fully 

explain the phenomenon [55],[56]. The cause, proper assessment, and very name of this 

syndrome have been debated. This controversy requires broadened investigation to 

improve treatments for the disease. Certainly the interaction of all possible causes makes 

it very difficult in practice to determine the extent to which any one might be 

responsible. Zile et al. [57] have reported that patients with clinical diastolic heart failure 

have demonstrable abnormalities of left ventricular (LV) active relaxation and passive 

stiffness. This modeling paper tries to demonstrate that: 1) the reverse is true; that by 

selectively altering the active relaxation and passive stiffness parameters of the septum 

and LV free wall, clinical parameters of different diastolic HF are produced by model 

simulation, 2) by combining alterations of active relaxation and passive stiffness 

parameters, a phenotype is produced which parallels the pseudonormal diastolic HF, 3) 

L VEF is normal when increased LV systolic contractility is considered, and 4) by 

analyzing this modeling exercise, new diagnostic clinical parameters of diastolic heart 

disease are classified and proposed. This study aims to shed light on one of the many 

causes of HFNEF, that of left ventricular diastolic dysfunction (L VDD). 

Comparing model predictions with echocardiographic findings and key indices in 

patients with HFNEF might explain which or to what extent each of the possible 

abnormalities is responsible for the disease. 
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3.3. Methods 

3.3.1. Modeling LVDD 

LVDD refers to an abnormality in left ventricle's ability to fill during diastole. 

Diastole is that portion of the cardiac cycle concerned with active relaxation of the 

ventricle followed by mitral valve opening, ventricular filling, late atrial contraction 

and mitral valve closure, which signals the end of the diastolic period. Conventional 

Doppler echocardiographic techniques for measuring mitral flow velocity have 

yielded flow patterns characteristic of at least two distinct types of LVDD (impaired 

relaxation (IR) and restrictive (R)). A third type of Doppler flow pattern called the 

pseudo-normal (PN) pattern can be represented as a weighted combination of the 

two basic flow patterns (IR and R). Analysis of these different flow patterns have 

contributed to a preliminary classification ofLVDD. 

In an attempt to model the more global consequences of LVDD rather than 

just its effect on left heart mechanics, we compare the hemodynamic waveforms 

generated by our H-CRS model of normal physiology, with those generated by the 

same model, but with modified left ventricular mechanics. In this comparison, only 

parameters concerned with LV mechanics are changed to produce mitral flow 

patterns consistent with the three patterns observed in IR-type, R-type, and PN-type 

LVDD. Thus, three sets of parameter changes were used to generate three different 

LV models, which were subsequently inserted into the LV compartment of the H

CRS model for testing. Hemodynamic waveforms generated by each of these LV 
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mechanics characterizations were subsequently compared with normal human 

control waveforms and those generated by the other LV models. The specific 

modeling mechanisms used to characterize the different LVDD mitral valve patterns 

are discussed below. The LVDD models are chosen such that they produce typical 

mitral flow patterns characteristic of the LVDD type, and such that the severity of 

LVDD produced increases in order IR-type7R-type7PN-type. 

3.3.1.1. IR-type 

The generic activation function ex(t) associated with Equation 1 and 

-C 2 
-(-1 ) 

Equation 7 above is characterized by a sum of Gaussian functions Ae 8 with 

amplitude A, width B, and offset C. It varies between 0 and 1, increasing during 

systole and falling during diastole. End-systole occurs at the peak of or just after the 

peak of the ex(t) curve, and its declining limb drives the dynamics of LV ventricular 

pressure during isovolumic relaxation. Ideally this phase is nearly complete when 

the AV (mitral and tricuspid) valves open. Impaired relaxation of the LV is a 

condition that prolongs isovolumic relaxation time resulting in delayed mitral valve 

opening, elevated LV filling pressure, and reduced mitral flow and end-diastolic 

volume. To better characterize this flow pattern we increased parameter B in the 

last Gaussian term for the LVF and septal activation functions from 40 (control) to 

350 ms (Table 3.1). This required adjusting the last two Gaussian terms to 

normalize ex(t) to 1. As a result, LVF relaxation is delayed, the LV end-diastolic 

pressure-volume relation (EDPVR) has an increased slope and shifts upward and to 
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the left relative to its control curve, and ex(t) has a non-zero positive offset at end-

diastole. Thus, modeling IR-type requires modifying specific parameters associated 

with the activation functions of the LVF and septum. 

Gaussian 1 2 3 4 5 6 7 
A 0.282 0.075 0.384 0.205 0.37 0.516 (0.37) 0.15 (0.249) 
B (sec) 0.043 0.03 0.05 0.04 0.08 0.06 0.04 (0.35) 
C (sec) 0.11 0.165 0.22 0.3 0.35 0.395 0.405 

Table 3.1: Gaussian Coefficients for Ventricular and Septal Activation 
Functions 

Gaussian coefficients for the ventricular and septal activation functions 
7 (t-C,)z 

ex(t)= _LA1e B/ , where x = {LVF, RVF, SPT}. The ex(t) coefficient values for the 
1=1 

free walls and septum are the same in control. However, with impaired 
relaxation, the values in the 6th and 7th terms (in parentheses) are used for 

both the LVF and the septum. 

3.3.1.2. R-type 

The restrictive flow velocity pattern seen in LVDD reflects increased passive 

wall stiffness of the LVF and septum. In this pattern, the EDPVR has an increased 

slope relative to its control, end-diastolic volume is reduced and end-diastolic 

pressure is increased substantially which strongly reduces mitral flow. The effects of 

increased LV passive wall stiffness were simulated by increasing the diastolic 

stiffness parameter ALv from 0.025 to 0.05/ml and AsPT from 0.05 to 0.1/ml. Thus, 

modeling R-type modifies specific parameters associated with the passive stiffness 

of the LVF and septum, in mimicking R-type flow pattern in LVDD. R-type LVDD was 

also modeled with a normal septum (RNsPT-type) for analysis of septal contribution. 



3.3.1.3. PN-type 

As mentioned previously, the pseudo-normal flow velocity pattern is viewed 

as a combined IR + R pattern where one may use a variety of weighting factors in 

forming the combination. We have chosen to represent theIR and R patterns so that 

they have nearly equal effect in terms of changes observed in the LV pressure

volume relationship, and have combined them equally to represent the PN case. 

Specifically, we changed the last Gaussian term B to 350 ms, ALv to 0.05/ml, and AsPr 

to 0.1/ml. All other H-CRS model parameters remained at control values. 

3.3.1.4. Systolic Contractility 
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Given the report of Kawaguchi et al. [55] that systolic contractility increases 

to maintain left ventricular stroke volume (LVSV) and cardiac output (CO) within 

the setting of LVDD, we repeated these simulations after first increasing the gain of 

the LV end-systolic pressure-volume relationship (ELv,Es and EsPr,Es) by 60%. If the 

diastolic stiffness of the muscle fibers of the wall increase with no stimulation, then 

with stimulation of the very same fibers and subsequent development of normal 

active tension, logically there should be some increase in total developed tension 

(active+ passive) compared with the control case. Consequently, an increase in the 

gain of the end-systolic pressure-volume relationships (ELv,Es and EsPT,Es) should be 

evident. 

This increase in "systolic contractility" is considered intrinsically myogenic in 

nature (i.e., heterometric autoregulation of cardiac output on the basis of fiber 



length as in the Frank-Starling mechanism) and is not due to reflex sympathetic 

augmentation in myocardial contractility. This later form of contractility control is 

present in the H-CRS model, but it is a separate mechanism that affects the ESPVR 

via the function a(Fcon) in Equation 2 above. 

For all cases, we further examined how each condition affects the systemic, 

pulmonary, and cerebral circulations. Unless otherwise specified, the pleural 

pressure was held at -5 mmHg in all simulations to eliminate respiratory variations 

in inlet valve flows and thus better focus on hemodynamic events. 

3.4. Results 

3.4.1. Normal Physiology 

Model-generated tracings of normal cardiac function are shown in Figure 3.1 for 

the right (Panels Al-A4) and left ventricles (Panels Bl-B4). These are considered control 

waveforms for comparison with simulations of diastolic dysfunction. Of particular note 

are the tricuspid (QTc) and mitral (QM) flow waveforms shown in Figure 3.1A3 and B3, 

respectively. These waveforms have an early (E wave) and a late (A wave) component 

during diastolic ventricular filling. Normally, theE/A ratio is 1 - 1.5 and the trans-mitral 

deceleration time (DT; Figure 3.1B3) during rapid filling (E wave) is 170- 230 ms [1]. 

The central venous (Qvc) and distal pulmonary venous (Qpv) flow waveforms are shown 

in Figure 3.1A4 and B4, respectively. These waveforms consist of systolic (S), diastolic 

(D) and atrial reversal (AR) flow components. The normal systolic pulmonary venous S 

wave is split into early and late components (Sl and S2; Figure 3.1B4). 
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Table 3.2 lists the indices for both right and left ventricular performance and the 

mean values of systemic circulatory variables, blood gas tensions, and A-V gas 

differences in the brain and extra-cranial tissues. Figure 3.2 (solid black line labeled C for 

control) depicts the normal instantaneous RV and LV pressure-volume relationships. The 

other loops and curves of the three modeled LVDD types are discussed below. 
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Figure 3.1: Model Waveforms for Right and Left Ventricles in Control 
Case 

Model-generated pressure, volume and flow waveforms for the normal 
patient (control case). PFR= peak filling rate (slope of drawn line); RFF= rapid 
filling fraction; AFF= atrial filling fraction; IVRT= isovolumic relaxation time; 

DT= E-wave deceleration time; (P)AO /C= (pulmonary) aortic valve 
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opens/closes; MVO/C= mitral valve opens/closes; TVO/C= tricuspid valve 
opens/closes. 

A 
30~----~----~------~~ 

tiD 20 
I 

E 10 
E 
> 

o....a:. 0 

c 

"10oL--__ ......_50 ___ 1..._00 ___ 15'--0-....J 

VRv (ml) 

B 
120 

100 

80 

60 

40 

20 

00 

-u 
< 
3 
3 
::r: 
~ 

50 100 150 

V LV (ml) 

Figure 3.2: Comparison of Model Ventricular Pressure-Volume Loops 
Comparing modeled ventricular function curves of normal physiology (C, solid 
black line) with LVDD due to impaired LV wall relaxation (IR, dotted red line), 

increased LV wall stiffness (R, dashed blue line), and combined impaired 
relaxation and increased wall stiffness (PN, dash-dot magenta line). Panels A 

and B show RV and LV chamber pressures and volumes, respectively. All 
simulations here are with normal systolic contractility. LVDD types: IR 
(impaired relaxation); R (resistive) and PN (pseudo-normal) patterns 

(discussed later). 
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3.4.2. Impaired Active Relaxation with Normal Systolic Contractility 

The P-V loops (Figure 3.2) show a decrease in LV and RV stroke volume. 

Cardiac output and mean arterial and central venous pressures decrease (Table 3.2). 

Diastolic LV pressure exceeds control throughout diastole in the IR-type case 

(Figure 3.2B), elevating LV diastolic and left atrial (LA) pressures (compare Figure 

3.1B1 and Figure 3.3B1). Pulmonary capillary pressure (PPc) increases from 8.5 to 

14.0 mmHg, and pulmonary blood volume (Vpc) by 12.2%, indicating pulmonary 

congestion (Table 3.2). Figure 3.3 reveals even greater detail. The salient features 

of IR-type are: 

(a) Reduction in LV end-diastolic volume (EDV) and rates of ejection (Figure 

3.3B2) as shown by the decreased PFR slope (compare with dashed line or control), with 

a severe reduction in the rapid filling fraction (RFF) relative to control. The atrial filling 

fraction (AFF) is relatively normal. The normal RV also experiences a reduction in EDV 

and rates of ejection and early filling (Figure 3.3A2). 

(b) Strong decreases in the early E-wave component of both the mitral and 

tricuspid flow waveforms (Figure 3.3A3 and B3) reflect the difficulty in ventricular 

filling. The dashed line waveforms are control, shown for comparison. 

(c) There is a pronounced separation of the Sl and S2 components of systolic 

portion of pulmonary venous flow waveform (Qpv) (Figure 3.3B4), accompanied by a 

strong reduction in the amplitudes of the S2 component and the D wave. The atrial 
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reversal waveform (AR) is relatively normal in IR-type L VDD. The dashed line 

waveforms are control, shown for comparison. 

The normalized baroreceptor sensory nerve discharge frequency Fb declines 

from 0.41 to 0.39 and the normalized aortic chemoreceptor sensory discharge 

frequency Fe from 0.17 to 0.16 (Table 3.2). The increased Fcon (normalized 

sympathetic efferent discharge frequency controlling contractility) steepens the 

end-systolic pressure-volume relationship (ESPVR) slope of both ventricles. LV 

stroke volume decreases from 89.4 to 64.7 ml, and despite a decrease in the LV 

ejection fraction from 0. 72 to 0.68, this number would not be interpreted as systolic 

failure. 
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Figure 3.3: Model Waveforms for Impaired Relaxation Case 
Model-generated pressure, volume and flow waveforms for the impaired 

relaxation (IR) case. Dashed line plots are the control case for comparison. 
Abbreviations are as in Figure 3.1. See text for details. 

3.4.3. Restrictive Filling with Normal Systolic Contractility 
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Figure 3.4 demonstrates the salient characteristics ofR-type LVDD: 

(a) Reduced EDV (Figure 3.2) and rates of ejection for both ventricles (Figure 3.4A2 and 

B2); 

(b) Pronounced reduction in RV peak filling rate (PFR) and RFF (Figure 3.4A2), whereas 

LV PFR slightly exceeds the control value, but the RFF is reduced relative to control 

(Figure 3.4B2). AFF is nearly normal in the RV and strongly reduced in the LV; 

(c) With regard to mitral inlet flow (Figure 3.4B3), theE wave is supra-normal and the 

A-wave is reduced substantially. This pattern is reversed for the tricuspid flow waveform 

(Figure 3.4A3), where the E-wave amplitude is decreased and the A-wave enhanced 

slightly relative to control (shown by dashed lines); 

(d) There is temporal separation of Sl and S2 components of systolic portion of Qpv and 

the amplitude of the S2 component is strongly reduced (Figure 3.4B4). The diastolic peak 

of the D waveform is nearly normal, but following the peak it declines faster than the 

control waveform. The peak of the pulmonary vein AR reversal flow (Figure 3.4B4) is 

much enhanced in R-type LVDD. In the central venous flow waveform (Qvc; Figure 

3.4A4), the D waveform is strongly reduced and shortened relative to control, the S 

waveform is only slightly reduced, and the AR reversal flow peak is at control levels. 

In the P-V loops of Figure 3.2, the LV end-diastolic pressure for R-type LVDD is 

seen to rise relative to control, whereas for the RV they decline slightly relative to 

control. In contrast, LV systolic pressure declines, but RV systolic pressure is elevated 

relative to control. 
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In R-type LVDD, pulmonary pressures and volume increase (Table 3.3), 

whereas cardiac output and mean systemic arterial pressure (MSAP) fall by 29% 

and 7.9%, respectively (Table 3.2). Calculated LV ejection fraction drops, but only to 

0.65. 
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Figure 3.4: Model Waveforms for Restrictive Case 
Model-generated pressure, volume and flow waveforms for restrictive case 

(R). Dashed line plots are the control case for comparison. Abbreviations are 
as in Figure 3.1. See text for details. 
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3.4.4. Combined Restrictive Filling and Impaired Relaxation with 

Normal Systolic Contractility 

This mechanism causes a marked decrease in right and left ventricular stroke 

volumes (Figure 3.2). The LV stroke volume, cardiac output, and mean arterial and 

central venous pressures decrease by 51.3%, 38.8%, 12.1 %, and 125.0%, respectively 

(Table 3.2). The baroreceptor reflex responds by reducing vagal discharge frequency 

(FHRv) by 12.2% and increasing sympathetic frequency by 39.3% (FHRs). Heart rate 

increases by 23.6% (Table 3.2). Once again LV systolic function would not be considered 

depressed. Its ejection fraction decreases by 12.5%, to 0.63. 

Figure 3.5 shows the detail involved in cardiovascular waveforms associated with 

PN-type LVDD. The significant features are: 

(a) Reduction in EDV in both ventricles to an extent greater than IR or R-type L VDD 

considered alone (Figure 3.5A2 and B2). Ejection rates and PFRs are decreased 

substantially in both ventricles, as are RFFs. The LV AFF is strongly reduced, but the 

RV AFF for the right atrium (RA) is essentially normal; 

(b) In the mitral flow waveform, the E and A waves have essentially the same amplitude, 

whereas the tricuspid flow has an E wave is much smaller than the A wave (Figure 3.5A3 

and B3); 

(c) There is separation of the S 1 and S2 components of systolic portion of the pulmonary 

venous flow waveform with strong reductions in the S2 component and the diastolic D 

wave. The AR reversal flow peak is enhanced (Figure 3.5B4). In the central venous flow 
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waveform, the S wave is reduced in amplitude, the diastolic D wave is attenuated and 

shortened, and the peak of the AR reversal flow waveform is at control levels (Figure 

3.5A4). 
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Figure 3.5: Model Waveforms for Pseudo-Normal Case 
Model-generated pressure, volume and flow waveforms under pseudo-normal 

conditions (PN= combined IR and R conditions). Dashed line plots are the 
control case for comparison. Abbreviations are as in Figure 3.1. See text for 

details. 
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Parameter Control Impaired Restrictive Pseudo 
Relaxation Filling Normalization 

eLV,SPT(t) N N ALT ALT N N ALT ALT 
Contractili N INC N INC N INC N INC 

ty 
ADAP=ADAM 0.05 0.05 0.05 0.05 0.1 0.1 0.1 0.1 

£1/ml) 
ALv £1/mll 0.025 0.025 0.025 0.025 0.05 0.05 0.05 0.05 

ELV,ES 3.5 5.6 3.5 5.6 3.5 5.6 3.5 5.6 
(mmHgjm 

ll 
LVEDP 10.5 9.5 16.0 17.0 23.3 21.4 25.0 25.0 

(mmHg) 
MSAP 96.6 98.4 91.5 91.3 89.0 90.6 84.9 85.3 

(mmHg) 
mHg)(mm 

Hg) 
CVP 2.4 2.6 1.4 1.4 0.2 0.6 -0.6 -0.6 

(mmHg) 
HR 55.2 53.9 60.2 60.6 63.8 61.4 68.2 68.1 

(beatsjmi 
n) 
co 4.9 5.2 3.9 3.9 3.5 3.9 3.0 3.0 

(l/min) 
LVSV {ml) 89.4 96.0 64.7 63.9 55.3 62.7 43.5 44.1 

LVEF 0.72 1.4 0.68 0.76 0.65 0.76 0.63 0.72 
LVET (sec) 0.28 0.31 0.26 0.27 0.29 0.31 0.27 0.28 
RVSV {ml) 89.1 95.8 64.5 63.7 54.5 61.9 43.3 43.7 

RVEF 0.62 0.81 0.49 0.48 0.44 0.47 0.37 0.36 
RVET 0.38 0.37 0.33 0.33 0.27 0.30 0.22 0.22 
(sec) 
PAOZ 105.0 104.3 106.5 106.6 108.1 106.2 108.9 108.5 

(mmHg) 
PAcoz 39.3 39.6 38.0 37.7 37.2 37.5 36.3 36.3 

{mmHg) 
Pyoz 42.5 43.4 37.2 36.9 33.5 35.8 29.5 29.5 

(mmHg) 

PTcoz 45.4 45.2 46.8 46.9 47.8 47.2 48.4 48.4 
(mmHg) 

PB02 37.4 37.4 37.2 37.2 36.9 37.2 36.2 36.3 
(mmHg) 

PBcoz 45.3 45.2 45.8 45.9 46.2 46.1 46.2 46.2 
(mmHg) 

A-V02 (T) 4.4% 4.4% 5.9% 6.0% 7.1% 6.2% 9.0% 8.9% 
A-VC02 -1.9% -1.9% -2.4% -2.4% -2.7% -2.5% -3.1% -3.1% 

(T) 
A-V 02 (B) 5.1% 5.1% 5.5% 5.5% 5.9% 5.6% 6.2% 6.2% 

A-VC02 -0.4% -0.4% -0.8% -0.8% -0.9% -0.8% -1.1% -1.1% 
(B) 

FHRv 0.54 0.54 0.51 0.51 0.50 0.51 0.47 0.39 
FHRs 0.28 0.27 0.33 0.33 0.35 0.34 0.39 0.39 
Fcon 0.40 0.38 0.45 0.46 0.49 0.47 0.53 0.53 
Fvaso 0.54 0.51 0.62 0.62 0.64 0.62 0.70 0.69 

Fb 0.41 0.41 0.39 0.39 0.38 0.38 0.36 0.36 
Fe 0.17 0.17 0.16 0.16 0.15 0.16 0.14 0.14 
Fcc 0.53 0.53 0.54 0.54 0.55 0.55 0.55 0.55 



Table 3.2: Model Values for Key Indices and Variables in Control and LVDD 
Cases 

Values calculated for several indices and variables associated with the 
ventricles, systemic circulation and gas transport. These values are displayed 

for control conditions (normal heart), and for the three possible forms of 
LVDD (impaired active relaxation (IR) alone, increased passive stiffness (R) 

alone, and combined impaired relaxation and increased stiffness (PN)) 
without (Etv,Es = 3.5) and with (Etv,Es = 5.6) increased systolic contractility. All 

are averaged over one respiratory cycle. FnRv, FuRs, Fcon, Fvaso are mean 
baroreceptor frequencies affecting heart rate (vagal and sympathetic 

components), contractility, and vasomotor tone. P Aoz, PToz and PBoz are 
arterial, systemic venous, and jugular venous partial Oz pressures; likewise 

PAcoz, PTcoz and PBcoz are partial COz pressures. (N=normal, ALT=altered, 
INC=increased) 

Parameter Control 
Impaired 

Restrictive Filling 
Pseudo-

Relaxation normalization 

AsPT 0.05 0.05 0.05 0.1 0.1 0.1 0.1 

ALV 0.025 0.025 0.025 0.05 0.05 0.05 0.05 

etv(and N ALT ALT N N ALT ALT 

Contracti N N INC N INC N INC 

Etv,Es 3.5 3.5 5.6 3.5 5.6 3.5 5.6 

VPA,p 20.4 23.6 24.0 26.0 25.0 28.3 28.5 

VPA,d 21.1 24.1 24.4 26.3 25.3 28.4 28.6 

VPA (ml) 201.1 230.4 233.5 251.5 242.1 272.0 273.6 

Vpv (ml) 226.9 267.5 271.4 294.3 282.0 323.1 324.6 

Vpc (ml) 94.9 106.3 107.4 113.9 110.5 122.1 122.5 

PPA,p 13.2 17.8 18.3 21.3 19.8 24.6 24.9 

PPA,d 13.0 17.7 18.2 21.2 19.7 24.5 24.8 

PPA 12.2 17.1 17.6 20.6 19.0 24.0 24.3 

Ppv 7.9 13.4 14.0 17.1 15.4 21.1 21.3 

Ppc 8.5 14.0 14.5 17.6 15.9 21.4 21.7 

Table 3.3: Model Values for Key Pulmonary Indices 
Mean values for several pressures and volumes associated with the 

pulmonary circulation. (N=normal, AL T=altered, INC=increased) 
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3.4.5. Septum 

Previous studies from our group show that septal interaction can profoundly affect 

right heart function [2]. The septum is modeled as an active pump, governed by an 

activation function, similar to the ventricular free walls. Only such a description for the 

septum can produce the correct morphology of ventricular pressure tracings seen 

experimentally as shown by previous work [2],[12]. Septal motion can by analyzed by 

plotting septal volume (V sPT), shown in Figure 3.6A3. Focusing on the control curve 

(black line) at the beginning of the cycle, with early blood flow into the LV there is an 

upward movement of the V sPT curve which reflects the increased volume of blood in the 

septum under the influence of the passive left to right pressure gradient across the 

septum. This initial phase contributes to "priming of the septal pump". As the septum 

contracts, septal volume decreases indicated by the rapid downward movement of the 

V sPT curve. Thus, increases in septal volume reflect movement of the septum toward the 

RV, whereas decreases indicate movement of the septum toward the LV (see volumes 

model in Figure 1.3A). The septal contractile downstroke ends with closure of the aortic 

valve, and septal relaxation begins immediately after aortic valve closure. Hence, there is 

a strong increase in septal volume during the isovolumic relaxation period. This 

corresponds to rightward movement of the septum which increases septal volume. When 

the mitral valve opens, the rapid filling phase begins which is marked by a small positive 

fluctuation in the general exponential filling curve for V SPT· The cycle of septal activation 

and relaxation produces biphasic motion, and as a consequence the septum behaves as a 

third pump along with the RVF and LVF, and contributes to ventricular performance. 
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Septal priming before contraction initiates RV ejection (Figure 3.6A2), and RV outflow 

is maximum just as LV outflow is beginning (see downward slopes in V RV and V LV in 

Figure 3.6A2 and B2). This movement simultaneously aids LV filling (Figure 3.6B2). 

The following septal contractile leftward thrust provides support to LV ejection (Figure 

3.6B2). VRv reaches its minimum point and pulmonary arterial flow ends just before the 

septum reaches its maximum leftward position at the end of aortic flow (Figure 3.6Al

A3). In late diastole, the septum returns rightward toward its neutral position (Figure 

3.6A3, black dashed line) as the LV fills and the mitral valve closes (Figure 3.6Bl-B3). 

The tricuspid valve closes shortly thereafter (Figure 3.6A2). 

In L VDD, the steady-state neutral positions for septal volume changes (marked by 

dashed lines of corresponding color in Figure 3.6A3) differ significantly from control. 

These offsets in the neutral position reflect the different magnitudes of the background 

left-to-right pressure gradient across the septum in different L VDD states. Septal priming 

motion is progressively diminished in the order IR~R~PN. In the case of IR-type 

LVDD, minimal septal priming reduces septal aid in RV ejection, causing pulmonary 

arterial flow to begin and end later than normal (see downward slope in Figure 3.6A2). 

As seen in Figure 3.6A3, the septum takes longer to reach neutral position so mitral flow 

lasts longer and its endpoint closer in timing to tricuspid flow (compare end of upward 

slope in Figure 3.6A2 and B2). The stiffened septum in R-type LVDD does not exhibit 

priming (Figure 3.6A3) so there is no elongation of RV ejection and LV filling, and RV 

and LV outflows are synchronized exactly (downward slopes of Figure 3.6A2 and B2). 

The septum does not contribute significantly to LV ejection as noted by slower septal 

115 



leftward stroke and LV volume reaching minimum point before the septum reaches its 

maximum leftward position (Figure 3.6B2 and B3). As in control, at septal neutral 

position QM ends while QTc ends shortly thereafter (Figure 3.6A2-B4). In PN-type 

LVDD, the septum has little role in determining RV and LV volumes with its minimal 

and slow movement between ventricles (Figure 3.6A3). With no septal aid in RV 

ejection, RV outflow starts much later than aortic flow, and ends later as well (Figure 

3.6A2 and B2). The septum also does not influence end-diastolic filling of the RV as in 

control, and transvalvular flows end at the same time (Figure 3.6A2 and B2). 
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Figure 3.6: Time-Aligned Pressures and Volumes 
Time-aligned ventricular and arterial pressures (Panels A1 and A2), chamber 

volumes (Panels B1 and B2) for the right and left hearts, and septal volume 
(Panels C1 and C2) in control and different cases of LVDD. 

Elastance plots provide information about the timing and level of contractility of 

free walls and septum. Figure 3.7 A-C depicts RVF, LVF, and septal elastance 

(mmHg/ml) (Equation 9). Open circles indicate opening of outlet valves, while solid 

circles indicate their closure. In the control case (black line), peak elastance occurs 

simultaneously for all three walls. The aortic valve closes at this peak and the septum, at 
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its maximum leftward position (Figure 3.6B3) then snaps toward the right showing a 

sharp drop in septal elastance (Figure 3.7C) and the pulmonic valve remains open for this 

final phase ofRV ejection (Figure 3.7A). By comparing the RV and LV ejection periods 

with the point of occurrence of septal contraction, one can gain a sense of the 

contribution the septum has to the ejection processes. Specifically, peak elastance 

coinciding for the LVF and septum (Figure 3.7B-C) at the point when the septum is 

leftward in position (Figure 3.6B3) indicates that its role in LV ejection is maximized as 

both contract at the same time for efficient ejection. Similarly, RV systole ends only as 

the septum nears full relaxation (Figure 3.7A and C) indicating septal activity is involved 

strongly in the RV ejection process. 

In IR-type L VDD, the modified activation function for L VF and septum is 

apparent in elastance curves with a slowed and elevated relaxation phase following peak 

elastance (Figure 3.7B-C). Incomplete relaxation maintains the walls in contracted states 

for a longer time, widening the peaks. The baroreceptor reflex provides a slight positive 

inotropic effect on RV and LV contractility and elastance (Figure 3.7 A-B) as shown by 

the Fcon value increasing by 12.5% relative to control. As a result, free wall elastance 

values exceed control throughout the cardiac cycle. The pulmonic valve opens later than 

in control (Figure 3.7 A) as seen also in Figure 3.6A3 due to the loss of septal priming, 

however the closure time is near control. Thus, RV ejection time is reduced with values 

shown in Table 3.2. On the other hand LV ejection time is reduced by premature closure 

ofthe aortic valve (Figure 3.7B). 
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The LVF elastance curve in R-type LVDD is similar to that for control except for 

a significant diastolic offset and a higher peak elastance (Figure 3.7B). RVF elastance 

however, does not exhibit a diastolic offset, but due to a baroreflex-mediated 

augmentation of myocardial contractility, the rates of rise and peak elastance are 

increased (Fcon increases by 22.5% relative to control). A similar sympathetic 

augmentation applies to the modified (stiffened) L VF elastance; however, the effects of 

augmentation (other than the increase in peak) are not as evident as in the case of RVF 

elastance due to masking by neural augmentation (explained below). Both outlet valves 

open later than in control (Figure 3.7 A-B) resulting in prolongation of both pre-ejection 

periods (see ejection times in Table 3.2). Peak septal elastance and thus aortic valve 

closure occur at a delay from peak LVF elastance (Figure 3.7C). Unlike in control, the 

pulmonic valve closes at peak RVF elastance (Figure 3.7A), well before maximum septal 

elastance (Figure 3.7C) and aortic valve closure (Figure 3.7B). Septal role is diminished 

for both ventricles: the delay in septal contraction reduces LV ejection support; in the 

case of the RV, both modes of septal contribution to ejection, initial septal priming and 

final rightward swing during septal relaxation (Figure 3.6A3), are lost. RV systolic 

operation becomes independent of the septum. 

In PN-type LVDD, peak LVF elastance decreases but a compensatory increase in 

Fcon raises this function above control (Figure 3.7B) (Fcon increases by 32.5% relative to 

control). This increase in Fcon also increases peak elastance of the RV (Figure 3.7 A). As 

expected L VF elastance bears effects of impaired relaxation with early peaking, slow and 

incomplete relaxation, and elevated diastolic elastance exacerbated due to passive 
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stiffness effects (Figure 3.7B). The septal elastance curve also shows IR effects with a 

wider peak and slower downward stroke, but a delayed peak resulting from septal 

stiffness (Figure 3.7C). Peak elastance values all occur at different times: LVF followed 

by RVF followed by septum (compare Figure 3.7 A-C). While in IR-type LVDD aortic 

valve closure precedes pulmonic valve closure and in R-type LVDD the opposite occurs, 

PN-type LVDD sees a combined effect and outlet valves close at approximately the same 

time (Figure 3.7 A-B). RV ejection time is severely reduced in comparison to control (see 

Table 3.2), due to both pulmonic valve opening delay and early closure (Figure 3.7 A). 
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Figure 3.7: Ventricular Free Wall and Septal Elastance 



Plots of RV free wall (Panel A), LV free wall (Panel 8), and septal (Panel C) 
elastance. Open circles indicate outlet (pulmonic and aortic) valve opening, 
closed circles indicate outlet valve closure. Septal elastance bears a sharp 

peak coincident with RVF and LVF maximum elastance in control (black line). 
With IR-type (red line), LVF and septal elastance depict abnormal relaxation, 

and the peaks widen. With R-type (blue line), septal elastance peak is delayed, 
occurring after free wall elastance peaks, delaying aortic valve closure. With 
PN-type (green line), plots show signs of both effects with abnormal LVF and 

septal elastance downstroke, and delayed and widened septal elastance peak. 
In all LVDD cases, pulmonic valve opening is delayed. See text for details. 

To better understand the components affecting elastance, baroreflex-mediated 

augmentation of myocardial contractility (Fcon parameter) was fixed at mean steady-state 

control value and RVF and LVF elastance were plotted for a cardiac cycle for the control 

and LVDD cases (Figure 3.8Al-A2). This allowed investigation of the hemodynamic 

consequence of solely LVDD mechanisms. Results show that RVF elastance remains as 

in control for all LVDD types (Figure 3.8Al). In IR-type LVDD, LVF elastance peak is 

wider, has slowed relaxation, and is elevated throughout, except at peak elastance where 
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it matches control and falls below briefly during the downward phase at the start of 

isovolumic relaxation (red line in Figure 3.8A2). In R-type L VDD, L VF elastance is 

elevated above control during diastole, the rise to peak elastance is slower than control, 

and the peak value matches control (blue line in Figure 3.8A2). LVF elastance with PN-

type LVDD is similar to IR-type, except diastolic elastance is higher and the upstroke 

slower (green line in Figure 3.8A2). In all cases, peak elastance does not change (Figure 

3.8Al-A2), unlike what is seen in Figure 3.7A-B, this feature attributed to neural 

augmentation of contractility. In addition, R-type LVF elastance is slower on the upstroke 

(Figure 3.8A2), this aspect masked when neural augmentation is included making the 



upstroke appear similar to control. All changes to R VF elastance seen in Figure 3. 7 A are 

also a result of the neural aspect and unrelated toP-V relationships. 

Similarly, the reason for heart rate changes with L VDD was evaluated by fixing 

autonomous neural control of heart rate at mean steady-state control value. RVF and L VF 

elastance are plotted in Figure 3.8B l-B2, respectively, for several cardiac cycles. With 

this feedback missing, heart rate remains unchanged from control in all L VDD types, so 

any change in heart rate observed in LVDD is solely a result of neural compensation for 

stroke volume drop. 
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Figure 3.8: Model Free Wall Elastance Curves with Loss of Neural Feedback 
RVF and LVF elastance curves with no baroreflex-mediated augmentation of 
contractility (Panels A1-A2) (model parameter Fcon), and with no heart rate 
neural control (Panels B1-B2) (model parameters FHRs and FHRv). With Fcon 

fixed at mean steady state control levels and no feedback control, RVF 
elastance does not change, peak elastance remains same as control in all 

cases. LVF elastance with R-type LVDD exhibits slower rise to peak (unseen in 
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elastance with Fcon in Figure 3. 7). With no FHRs and FHRv, heart rate is 
unchanged with LVDD. 

3.4.6. Summary of Pressure and Volume Changes 

Figure 3.6 shows that morphology of the pressure and volume waveforms change 

dramatically from control in the L VDD cases. The disease process is assumed localized 

to the LV, yet some of the more substantial effects of LVDD are seen in the altered 

waveforms of the normal right heart. In control, RV pressure slopes downward during 

ejection under normal pulmonary arterial loading conditions (Figure 3.6Al), due to the 

proper operation of the septum which supports LV ejection during this time period. In all 

of the L VDD cases, the increase in pulmonary arterial afterload and diminished septal 

contractile motion cause the RV pressure during ejection to change slope in a positive 

direction. The effect of the L VDD-induced afterloading and decreased septal activity is 

also seen in the reduced ejection rates in the RV volume curves (Figure 3.6Bl). With a 

loss of septal contractile motion in L VDD, the LV is not as well-supported and the slope 

of the PLv waveform declines during ejection (Figure 3.6A2). The volume curves indicate 

reduced ejection and filling rates and a reduction in stroke volume, hence cardiac output 

(Figure 3.6B2). Mean systemic arterial pressure (MSAP) has a tendency to drop, but 

baroreflex mechanisms compensate to keep systemic arterial load pressure relatively 

constant. MSAP however does decline slightly from control in each L VDD state (Figure 

3.6B2). Diastolic LV pressure however, changes significantly from control in a positive 

direction. This strongly affects mitral flow, ventricular filling and ultimately stroke 

volume. In contrast, diastolic variation in diastolic RV pressure is relatively small and in 
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the negative direction from control (Figure 3.6Al). Systolic RV pressure varies much 

more significantly due to increased myocardial contractility. 

3.4.7. Summary ofTransvalvular Flow Changes 

In the case of the mitral valve, each L VDD state has different effects on the E and 

A wave components of ventricular filling. Restrictive filling (Figure 3.4) shortens 

deceleration time (DT) and increases the E/A ratio (> 1.5), whereas impaired relaxation 

(Figure 3.3) slightly prolongs DT and decreases theE/A ratio(< 1). In PN-type (Figure 

3.5) the E and A peaks are nearly equal. The amplitude and duration of the A wave 

changes considerably relative to control, where in the restrictive case it is small and brief 

and in IR it has an amplitude and duration comparable to control (slightly increased 

amplitude; slightly decreased duration). However, in the case of the tricuspid valve, all 

three LVDD cases yield prolonged deceleration times and abnormal E/A ratios(< 1). The 

normalized diastolic filling phase is shortened and the amplitudes of the A wave increase 

slightly relative to control. Thus the E/A ratio of tricuspid flow is more specific than 

mitral for L VDD, because pseudo-normalization does not occur. In general and 

depending on the severity of abnormality, tricuspid E-wave flows progressively decrease 

with L VDD type (IR ~ R ~ PN), causing a diminished rapid filling fraction and 

prolonged deceleration times. 
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3.4.8. Summary of Pulmonary and Central Venous Flow Changes 

Pulmonary venous flow patterns in simulated LVDD exhibit a strong attenuation 

in the amplitude of the S2 wave and delay in its peak (Figure 3.3B4-Figure 3.5B4). The 

S 1 peak appears early relative to control and is relatively constant amplitude for all 

L VDD states. The peak of the diastolic D wave varies considerably with LVDD; it is 

reduced in IR-type and PN-type, but at control levels in R-type. The decay rate of the D 

wave in restrictive L VDD is markedly increased leading into a very strong AR flow 

waveform. This strong backflow explains where the blood flow associated with the LA 

contractile effort went due to the restrictive downstream conditions in the LV chamber 

(small A wave in the mitral flow waveform (Figure 3.4B3)). Thus, AR flow peaks are 

elevated relative to control in R-type and PN-type, but remain at control levels in IR-type. 

Central venous flow waveforms in LVDD show a decline in peak and a broadening of the 

S wave with LVDD state, coupled with a strong decline in both peak amplitude and 

duration of the D wave. 

The ratio of DIS flow volume for both the central and pulmonary venous flows 

can indicate change in inflow patterns. For example, lowering ratios are indicative of 

lesser diastolic contribution to ventricular inflow. Pulmonary venous flow volume drops 

from the control value of 0.74 with all LVDD cases except the restrictive case, wherein it 

increases (Table 3.4). In central venous flow volume, all LVDD cases show lowered DIS 

ratios compared to the control value of 1.96. Lowered DIS ratios are indicative of higher 

diastolic pressures, preventing complete filling of the atria. The higher pulmonary venous 
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DIS ratio in restrictive L VDD is influenced by the limited ventricular pumping action 

during systole, thereby restricting LA inflow. 

DIS Ratio Control IR R PN 
Right• 1.96 (100%) 1.10 (-44%) 0.67 (-66%) 0.30 (-85%) 
Left 0.74 (100%) 0.57 (-23%) 0.85(+15%) 0.46 (-38%) 

Table 3.4: D/S Ratios of Central and Pulmonary Venous Flow Volumes 
Diastolic-to-systolic ratios of central (right) and pulmonary (left) venous flow 
volumes into the heart. Except for pulmonary flow volume in the R-type L VDD 

case, the D/S ratio drops with LVDD type when compared to control, due to 
reduced flow during abnormal diastole. In R-type LVDD, the greater degree of 
systolic dysfunction due to increased septal stiffness has an additional effect 

on the nature of pulmonary venous flow (Figure 3.484). Percent variation 
from control is shown in parentheses. 

3.4.9. Summary of Right Heart Effects 

Diastolic dysfunction of the LV has notable effects on the right heart. As 

described in detail above, the EIA wave ratio for tricuspid flow with LVDD is 

consistently below 1, unlike mitral flow, and increasing in severity in the order 

IR~R~PN (Figure 3.3-Figure 3.5). Similarly, the DIS ratio of atrial inflow consistently 

drops in the same order of severity in the RA, unlike the LA with positive change in R-

type LVDD (Table 3.4). In addition, while the LV is marked by normal EF particularly 

with increased systolic contractility, these studies indicate that with normal contractility 

from a control value of 0.62 (Table 3.2), impaired relaxation decreases RVEF to 0.49, 

restrictive filling decreases it to 0.44, and the combined abnormalities decrease it further 

to 0.37. 

Septal dysfunction with L VDD has effects on the right heart. The septal role in 

RV ejection is lost with diminished septal priming, delaying opening of the pulmonic 

126 



valve. Reduced contractility also changes the morphology of ventricular pressure 

waveforms, with loss of normal trends in systolic PRv and PLv· 

3.4.10. LVDD with Normal and Abnormal Septal Stiffness 

In the P-V loops of Figure 3.9Al and Bl, the curve labeled R simulates R-type 

LVDD with elevated levels of stiffness for both the free wall and septum (as in Figure 

3.2). The curve labeled RNsPT represents a second simulation where the septal stiffness is 

set to normal control levels, all other conditions being the same. Focusing on the LV 

ejection phase of the P-V loops in Figure 3.9Bl, the simulated progression of septal 

disease RNsPT 7 R causes the septum to support free wall pumping to a lesser degree, 

diminishing the "ramping up" of LV pressure during the ejection phase and reducing 

stroke volume. Changes in septal stiffness also have a pronounced effect on the P-V 

loops of the RV (Figure 3.9Al). The ejection phase is downward in the P-V loop in 

control. With increased LV wall and then septal stiffness, this slope changes to upward, 

indicative of the increased afterload imposed on the ejecting RV. 

Figure 3.9B2 shows the LV elastance curves for the two cases of RNsPT-type and 

R-type LVDD. Both restrictive cases exhibit a diastolic offset in elastance relative to 

control. Peak LV elastance in RNspy-type L VDD is at control levels, whereas it is 

elevated in R-type LVDD. In the case of the RV, there is no diastolic offset in elastance, 

the RNsPT and control elastance curves are nearly identical, and the R elastance curve is 

elevated by a baroreflex-mediated increase in myocardial contractility. The LV is 

affected in the same way. 
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Figure 3.9: Model Ventricular Function Curves- Septal Stiffness Comparison 
Simulated ventricular function curves of normal physiology (control, C), 

increased LV wall and septal stiffness (R), and increased LV wall but normal 
septal stiffness (RNsPT ). All simulations performed with normal systolic 

contractility. 

3.4.11. LVDD with Increased Systolic Contractility 

Recent literature [56]-[59] suggests that increases in systolic contractility 

can reduce the end-systolic volume of ventricles affected by diastolic dysfunction 

and so compensate for the decreased stroke volume caused by the smaller end-

diastolic volume. Data from LVDD patients [55] indicates that chronic tissue changes 

that occur in response to abnormalities such as increased pressure and volume 

loads can affect myocardial force generation as well as passive transmission of force 

through the ventricular wall. In this case, we assume that changes in the EDPVR in 

the free wall or septal component of the model are accompanied by an increase in 
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the corresponding ESPVR characteristic. The usual inotropic factors (a.(Fcon) in 

Equation 2) are also at play in the case of baroreceptor-mediated increases in 

ventricular contractility that occurs in response to changes in MSAP. 

Considering only simulations of IR-type LVDD, adding increased ESPVR 

contractility decreases both LV end-systolic and end-diastolic volumes. The new 

loop produced has the same shape, but is shifted leftward toward lower volumes 

(compare theIR simulations of Figure 3.28 and Figure 3.1081). The shift produces 

relatively little change in stroke volume, cardiac output, arterial pressure, or heart 

rate (Table 3.2 and Table 3.3). The LV elastance curve however, has a pronounced 

diastolic component due to impaired relaxation and its peak is elevated with the 

induced increase in ESPVR contractility (compare Figure 3.78 and Figure 3.1082). 

LV ejection fraction increases from 0.68 to 0.76. The control waveform in Figure 

3.1082 (labeled CS) incorporates the increase in ESPVR contractility, but all other 

parameters are unchanged. Its peak magnitude is therefore considerably larger than 

that of the normal control waveform. The RV ejection fraction remains 

approximately the same with the increase in LV systolic contractility and Fcon, 

although slightly elevated relative to control (0.40-0.45), remains relatively constant 

(0.46). The RV elastance curve is relatively unaffected by increasing ESPVR 

contractility (compare IR-type LVDD curves in Figure 3.7A and Figure 3.10A2) and 

is quite similar to normal control (C). 

One obtains slightly different results by adding increased LV ESPVR 

contractility to simulations of R-type LVDD (compare the R P-V loops in Figure 3.28 
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and Figure 3.10B1; Table 3.2 and Table 3.3). Here, mean systemic arterial pressure 

(MSAP) increases from 89.0 to 90.6 mmHg, cardiac output from 3.5 to 3. 9 L/min and 

LVEF from 0.65 to 0.76. The LV elastance curve in the R-type LVDD simulation has a 

diastolic offset (Figure 3.10B2) that is relatively constant and quite unlike the time

varying diastolic component of theIR LV elastance curve. Fcon is slightly decreased 

(0.49 to 0.4 7) but elevated relative to control CS of 0.38. The RV elastance curve in 

R-type LVDD shows that this increase in LV systolic contractility has virtually no 

effect on the RV elastance function (compare Figure 3.7A and Figure 3.10A2; Table 

3.2). 

Increasing the LV ESPVR contractility in PN-type LVDD does not change LV 

function significantly, other than by more modestly increasing LVEF from 0.63 to 

0.72, a number consistent with Kawaguchi's report (70.3 ± 14.8%) [55]. LV stroke 

volume in PN with systolic augmentation is essentially the same as in the original 

PN-type LVDD case (43.5 compared to 44.1 ml). Table 3.2 indicates that Fcon levels 

for the PN case do not change as well. The LV elastance curve in PN has a time

varying diastolic component and an elevated systolic peak (Figure 3.10B2). Since 

baroreflex-mediated Fcon levels do not change due to systolic augmentation, the 

elevated peak of the LV elastance curve (Figure 3.10B2) is explained simply as the 

CS control systolic elastance component being moved upward by the elevated time

varying diastolic component (i.e., a movement upward toward increased LV 

elastance (time-varying stiffness)). A comparison of Figure 3.7A and Figure 3.10A2 

for PN-type LVDD shows that the time course of the RV elastance curves is 
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essentially the same with and without LV systolic augmentation. We note however, 

that increasing the systolic contractility of an LV afflicted with any form of LVDD 

does not normalize pulmonary pressures or volumes; therefore pulmonary 

congestion persists (Table 3.3). 
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Figure 3.10: Model Ventricular Function Curves- Increased LV Systolic 
Contractility 

Model-generated ventricular function curves of LVDD with increased LV 
systolic contractility. Abbreviations are as in Figure 3.2. Cs represents a new 
elastance control curve where the ESPVR contractility has been augmented, 

but no other changes have been made. 

3.4.12. Effects on Left Atrial Performance 

Figure 3.11 shows the effect of the different types of L VDD on the instantaneous 

pressure-volume loops of the right and left atria. Figure 3.11 A 1 and B 1 show the effects 
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of the three types of L VDD on right atrium and left atrium, respectively for the case 

where the LV has normal ESPVR contractility. In the LA, there is a shift upward and to 

the right toward higher values of pressure and volume (size) in the simulation sequence C 

~ IR ~ R ~ PN (Figure 3.11Bl), whereas RA pressures and volume decrease in the 

same sequence (Figure 3.11Al). An increase in the size of the LA relative to control is a 

common finding in various types of L VDD. In a study on 276 patients, Park et al. [60] 

have shown that the severity of L VDD correlates well with left atrial dimensions. As the 

degree of L VDD became more severe, left atrial size and volume increased. 

Figure 3.11A2 and B2 examine only the restrictive L VDD case of either normal 

septal stiffness (RNsPT-type) or increased stiffness associated with R-type LVDD. In the 

LA, the P-V loop is displaced upward and to the right in the simulation sequence C ~ 

RNsPT ~ R in nearly equal increments in pressure and volume. However in the RA, the 

loops are displaced downward and to the left, but not in equal increments. With normal 

septal stiffness, the RA P-V loop is very similar to the control loop. However, with the 

increased septal stiffness inherent in R-type L VDD, the P-V loop is strongly depressed. 

The difference here is in septal contractile capability, which is strongly curtailed in R

type L VDD (Figure 3.6A3). Thus, septal integrity is very important to RA performance 

as it is to RV pumping. With increased LV systolic contractility, there is very little 

difference between the RA and LA P-V loops shown in Figure 3.11A3 and B3 and Figure 

3.11Al and Bl, respectively. 
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Figure 3.11: Comparison of Atrial P-V Loops 

Comparison of normal atrial P-V loops (C, solid line) with those 
occurring in various types of LVDD. In Panels 1 and 2, LV systolic contractility 

is normal, whereas in Panel 3, systolic contractility is increased. Panel2 
compares a normal (RNsPT) with a stiffened (R) septum in R-type LVDD. Other 

abbreviations are as in Figure 3.2. 
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3.4.13. Effect of Respiratory Variation 

Pleural pressure affects cardiac flows, commonly observed as variation in 

transvalvular flows coincident with respiration. In a healthy individual, inspiration causes 

an increase in systemic inflow, increasing QTc in comparison to QTC during expiration. 

As a result, this variation in systemic inflow is carried across through the pulmonary 

circulation to the left heart inflow, whereby 2-3 heartbeats later, (roughly coincident with 

expiration) QM is at a maximum, and during inspiration QM is at its minimum [15]. The 

model respiratory waveform used in this study is roughly sinusoidal, varying from -2 to-

6 mmHg over a 7-second period, and has been used in previous studies [1],[2],[12]. Our 

simulations show that the percent respiratory variation (percent deviation from maximum 

flow) in control QTc is 24.2% and 5.5% in QM (Table 3.5 and Figure 3.12A1 and Bl). In 

LVDD, respiratory variation in QTc becomes much more pronounced, with values of 

36.9%, 48.1% and 70.1% for the IR, R and PN cases, respectively (Table 5 and Figure 

3.12A2-A4). Respiratory influence on mitral flow QM is weak, but can be seen in the 

control case (Figure 3.12B1). In LVDD, there is a progressive reduction in percent 

respiratory variation in QM in the direction IR ~ R ~ PN LVDD (Table 3.5 and Figure 

3.12B2-B4). Concurrently, pulmonary blood volume increases in the same direction of IR 

~ R ~ PN LVDD (Figure 3.12C2-C4), acting as a buffer against left heart respiratory 

variation. This increase in pulmonary blood volume is accompanied by increased 

afterload on the RV and hence RV pressure increases (Figure 3.2A). The buffering effect 

of the pulmonary blood volume seemingly decouples the respiratory variation so that it 
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mainly affects the right heart as RV systolic pressures increase and diastolic pressures 

decrease, becoming even more influenced by PPL and less influenced by the septum. 

Moreover, the mean position of the septum is displaced rightward in IR-type, and 

leftward in R-type and PN-type LVDD (Figure 3.6A3), with attendant loss of pumping 

efficiency in all LVDD cases relative to control. 
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Figure 3.12: Influence of Respiratory Variation 
Transvalvular flow variation (QTc shown in Panels A1-A4 and QM shown in 

Panels B1-B4) during a cycle of respiration (expiration (Exp.) and inspiration 
(Insp.) are marked). The red lines trace the respiratory variation. Pulmonary 

vasculature volume is shown in Panels C1-C4. Pulmonary blood volume 
increases with LVDD, with IR-type LVDD having the lowest increase and PN

type LVDD having the highest increase. 

Control IR R PN 
24.2 36.9 48.1 70.1 
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QM 5.5 5.3 4.5 3.7 
Vav 14.5 15.2 17.9 18.8 

VPA,p 6.1 7.0 6.1 6.4 
VPA 6.6 6.5 5.7 5.9 

VPAd 6.1 7.0 6.1 6.4 
Vpc 4.8 4.0 4.1 3.6 
Vpv 1.7 2.6 2.5 2.8 
VLv 3.4 3.1 1.5 2.5 

Table 3.5: Percent Respiratory Variation for Various Flows and Volumes 
Percent respiratory variation between inspiration and expiration for various 

flows and volumes in the control and L VDD cases. 

3.5. Discussion 

Several factors can interact to cause LV diastolic dysfunction, increasing the 

difficulty of identifying mechanism(s) underlying any one case. It would help if one 

could isolate and independently change each putative cause of LV diastolic 

dysfunction, and then study the subsequent effects of each. This study and others we 

have published show that by changing just a few parameters of our H-CRS model, 

one can closely approximate the myriad effects of LVDD associated with congestive 

heart failure. The complexity of the model allows for an accurate and 

comprehensive view of the problem. Here, LV active relaxation and passive wall 

stiffness are each represented by a single parameter, and changing one or both 

closely simulates many of the abnormalities seen in patients with LVDD. Simulating 

LVDD with this model is straightforward and appears to be an excellent means of 

addressing the controversies surrounding HFNEF causation. 

Because pulmonary pressures increase and the A-V Oz difference widens as 

stroke volume, cardiac output, and mean arterial pressure decrease, the model 

confirms that LVDD is a form of heart failure, since cardiac function cannot match 
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the metabolic requirements of the body, or can do so only at elevated LV filling 

pressures. The increase in pulmonary blood volume and efferent sympathetic 

nervous system activity are also typical of heart failure. The model reproduces these 

pathologic features without decreasing LVEF to a number that clinicians would 

regard as significantly depressed, and so demonstrates that LVDD alone can cause 

most (but perhaps not all) the major signs of HFNEF. 

In the three types of LVDD we modeled, pulmonary pressures and volumes 

were all elevated (Table 3.3). They were reduced but not entirely normalized by 

increasing LV contractility, since persistent LA pressure elevation (Figure 3.1181) 

would maintain high pulmonary venous, capillary, arteriolar, and pulmonary 

arterial pressures. Dyspnea would probably result if R-type LVDD brought the 

LVEDP to 23.0 mmHg, and even more likely with an LVEDP of 25.0 mmHg in PN

type LVDD (Table 3.2). This would be especially true if these increases were new, 

and not offset by the previous, gradual increase in lymphatic removal of lung edema 

that occurs with longstanding LVDD. Our lymphatic model is still in a developmental 

phase and does not include lymphatic drainage present with congestive heart 

failure. Therefore it cannot be used to predict how gas exchange would be affected 

in longstanding LVDD. 

Removing neural feedback for cardiac contractility and heart rate shows that 

augmentation of these aspects in the right heart with LVDD is purely neural. In the 

left heart neural augmentation plays a role in increasing peak elastance, improving 
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early systole in R-type LVDD, and increasing heart rate, leaving altered elastance 

curves mainly a result ofLVDD. 

Recent literature [55]-[58] states that if LV systolic contractility is increased, 

the reduced end-systolic volume that is obtained can partly compensate for the 

reduced end-diastolic volume produced by LVDD, although cardiac output remains 

decreased. It indicates that chronic tissue changes, and not just greater sympathetic 

traffic, increase ESPVR stiffness. This is consistent with findings that concentric LV 

hypertrophy increases both passive stiffness and systolic contractility [55],[58]. 

Although LVEF is sustained (or even supernormal), diastolic LV pressures, 

pulmonary pressures, pulmonary blood volumes, and heart rates remain elevated. 

The circulation is adequate under these conditions, but is maintained at the expense 

of elevated filling pressures and pulmonary congestion, which often provokes 

dyspnea and reduces exercise tolerance. 

LVDD is often detected by recording abnormalities in the diastolic flow 

across the AV valves during early rapid filling and atrial systole, and an abnormal 

E/A ratio can also suggest LVDD. But the diagnosis may be missed if restrictive 

filling and impaired relaxation combine to pseudo-normalize the E/ A ratio, which 

occurs if left atrial and pulmonary pressures are severely elevated, and diminished 

blood return lowers right atrial and central venous pressure. Consequently, it may 

be difficult to detect or determine the cause of LVDD using only LV measurements. 

Our model suggests that in this situation, right heart function might provide 

diagnostic clues. For example, the tricuspid flow pattern remains abnormal when 
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mitral flow is pseudo-normalized, and the right ventricular ejection fraction is 

always abnormal even though LV systolic contractility is increased. Perhaps the 

term HFNEF should only apply to the LV, since the right ventricular ejection fraction 

is never normal in the presence ofLVDD. 
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Septal role in hemodynamics is limited with LVDD. The loss of septal priming 

motion diminishes septal aid to RV ejection delaying opening of the pulmonic valve 

and altering the endpoint of RV outflow as well. The stiffened septum in R-type and 

PN-type has a slower leftward stroke contributing less to LV ejection. Abnormal 

septal performance produces changes to the mechanical synchrony of ventricles 

during systole. 

The model predicts that either active relaxation or passive stiffness, or both, 

will increase A-V differences across the lung, systemic, and cerebral tissues (Table 

3.2), and that these differences correlate linearly with decreases in mean arterial 

pressure and cardiac output. Our simulations show that impairing either active 

relaxation or passive stiffness creates nearly identical decreases in cardiac output, 

and the changes in A-V Oz and COz concentrations are likewise similar. Much larger 

A-V differences result when both active relaxation and passive stiffness are 

abnormal. Increasing systolic contractility does not reverse these changes. Cerebral 

autoregulation stabilizes brain perfusion despite widely varying cardiac outputs, 

and the resulting changes in Oz extraction and COz deposition are more narrowly 

confined. The model predicts that when extra-cerebral Oz and COz differences widen 



by as much as 16.9 and 6 mmHg, respectively, they will increase in the brain by less 

than 5.1 and 3.9 mmHg, respectively. 

In summary, the following occur in any form of isolated LVDD (in the absence 

of a compensatory increase in total body fluid volume): 

1. elevated LVEDP 

2. reduced stroke volume and cardiac output; increased A-V Oz and COz 

differences 

3. reduced tricuspid flow E/ A ratio 

4. prolonged tricuspid flow deceleration time 

5. wider pulmonary venous flow (PVF) S1 S2 separation with reduced S2 

6. decreased central venous flow (CVF) D/S ratio 

7. decreased central venous pressure 

8. increased pulmonary venous pressure 

9. decreased RVEF 

In addition, restrictive filling can: 

1. increase mitral flow E/ A ratio 

2. shorten mitral flow deceleration time 
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3. increase pulmonary venous flow D /S ratio, 

while impaired LV free-wall relaxation can: 

1. decrease mitral flow E/ A ratio 

2. prolong mitral flow deceleration time 

3. decrease pulmonary venous flow D fS ratio 

Finally, combining impaired relaxation and restrictive filling shows: 

1. a normal mitral flow E/ A ratio 

2. a normal deceleration time 

The model shows that the opposing flow waveforms of combined impaired 

relaxation and restrictive filling will "compete" to shape the final mitral inflow 

pattern. Just how "normal" a pseudo-normalized pattern becomes will depend on 

the dominant mechanism. But again, RV function should be a less ambiguous 

indicator of LVDD, since both the pulmonary vein and tricuspid flow patterns 

remain abnormal despite a pseudo-normal mitral flow pattern. A suggestive 

tricuspid E/ A ratio combined with evidence of elevated LVEDP and pulmonary 

congestion could be more diagnostic of LVDD than the more traditional mitral E/ A 

measurement. 
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In short, this modeling study confirms several experimental findings. Firstly, 

we demonstrate that LVDD causes heart failure, with commonly recognized signs of 
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decreased cardiac output, stroke volume, and mean arterial pressure, A-V Oz 

difference widening, and pulmonary congestion. Secondly, we show that normal 

ejection fraction occurs with increased LV systolic contractility (a result of 

experimentally observed chronic tissue changes), producing HFNEF phenomenon. 

However, the modeling study points out key features of LVDD not previously 

recognized. These include the consistent right heart signs of LVDD, such as the 

decreased E/A wave ratio, regardless of LVDD type, the neural augmentation of RV 

contractility, and changes to septal motion affecting ventricular mechanics. 

3.5.1. Limitations 

LVDD alone may not produce every defining sign of HFNEF. This study has 

focused on abnormal diastolic properties of the left ventricle, and not evaluated how 

extra-cardiac pathology such as reduced arterial compliance [61],[62] might 

contribute to the syndrome. The diastolic changes introduced to model the various 

types of LVDD were made to mimic acute LVDD in the human patient on a short time 

scale. Longer term adjustments by the body are neglected including chronic changes 

in blood volume and venoconstriction. The model leaves one suspecting that such 

factors are operative, however, at least in some cases. The model also requires a 

more comprehensive lung lymphatics model to provide effective drainage in 

congestive heart failure. In our LVDD simulations, we have induced model 

parameter changes that impair active relaxation or increase wall stiffness of the LV 
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(IR and R cases). Individually, these modeled changes in LV mechanics were shown 

to have a nearly equal effect on the cardiovascular system, and with intermediate 

severity compared to both effects acting together as in PN-type LVDD. With these 

simple assumptions, we were able to characterize the three main types of LVDD 

with changes in hemodynamic severity in the direction C 7 IR 7 R 7 PN. Of course, 

with other weightings of IR or R disease, this progression of LVDD severity could 

change. Our simulations have emulated the classical clinical classifications of LVDD, 

however the important contributions of this work lie in the mechanistic 

explanations of these different disease entities particularly in elucidating the role of 

septal mechanics in each case. This work would be much enhanced by the 

availability of patient hemodynamic data sets that would include hi-ventricular high 

fidelity pressure recordings and transvalvular Doppler flow velocity recordings 

from the tricuspid and mitral valves. Ultimately, modeling work of this type should 

be directed toward the hemodynamic characterization of the individual patient. The 

question arises that if a patient whose LVDD is the result only of increased stiffness 

(R), as may be the case at low heart rates [56], would that alone be sufficient to 

produce all the resulting signs and symptoms of heart failure? It is our hope that 

future versions of our H-CRS model could not only characterize the patient's 

ventricular mechanics, but could also incorporate the additional extra-cardiac 

factors that might help answer this question. 
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3.6. Conclusions 

Adjustment of a few parameters that determine the LV mechanics of our 

human cardiovascular-respiratory system model simulates many of the 

hemodynamic and respiratory features of LV diastolic dysfunction. This larger 

model is superior to one limited to the LV alone because it reproduces the global 

response to any change in LV mechanics and provides a biophysical explanation of 

many clinical findings. Our simulations show that both restrictive filling and 

impaired relaxation cause LVDD. In combination, these conditions pseudo-

normalize the mitral E/A ratio even though the LV and especially the RV ejection 

fractions are reduced. An increase in contractility can compensate for the reduction 

in the LV ejection fraction, but would not reduce pulmonary pressures or blood 

volume, and so pulmonary congestion would persist. The important role of the 

septum in RV systolic ejection is reduced. And although HFNEF is a possible 

indicator of LVDD, a correct diagnosis may be missed if only LVEF and other LV 

·function indices are considered. Rather, the model results suggest that changes in 

RV function may demonstrate unique features that may significantly aid the 

diagnosis. 

3. 7. List of Abbreviations 

Cardiovascular Model 

RA=right atrium; LA=left atrium; RV =right ventricle; LV =left ventricle; R VF=RV free 
wall; L VF=L V free wall; A-V =arterio-venous; ESPVR=end-systolic pressure-volume 
relationship; EDPVR=end-diastolic pressure-volume relationship; PTMAo,p=transmural 



aortic pressure (proximal); PTMAo,ct=transmural aortic pressure (distal); PsA,ct=systemic 
arteriole pressure (distal); Psc=systemic capillary pressure; PsvL=systemic venule 
pressure; Psv=systemic venous pressure (distal); Pvc=systemic venous pressure 
(proximal) or vena caval pressure; VLv=LV volume; V Ao,p=aortic volume (proximal); 
V Ao,ct=aortic volume (distal); VsA=lumped systemic arteriolar volume (proximal); 
VsA.ct=lumped systemic arteriolar volume (distal); Vsc=systemic capillary volume; 
VsvL=lumped systemic venules volume; Vsv=systemic venous volume (distal); 
V vc=systemic venous volume (proximal) or vena caval volume; V LA=LA volume; 
QAo,ct=aortic flow (distal); QsA=systemic arterial flow (proximal); PTMPA,p=transmural 
pulmonary arterial pressure (proximal); PTMPA,ct= transmural pulmonary arterial pressure 
(distal); PPA=lumped pulmonary arteriolar pressure; PPC=pulmonary capillary pressure; 
Ppv=pulmonary venous pressure; VRv=RV volume; VPA,p=pulmonary arterial volume 
(proximal); VPA,ct=pulmonary arterial volume (distal); VpA=pulmonary arteriolar volume; 
VPC=pulmonary capillary volume; Vpv=pulmonary venous volume; VRA=RA volume; 
QPA,ct=pulmonary arterial flow (distal); QpA=pulmonary arteriolar flow; PLv=LV pressure; 
PAo,p=aortic pressure (proximal); PAo,ct=aortic pressure (distal); PLA=LA pressure; 
QLA=left atrial inflow; QM=mitral flow; QAo,p=aortic flow (proximal); QsA,ct=systemic 
arteriolar flow; Qsc=systemic capillary flow; QsvL=lumped systemic venules flow; 
Qsv=systemic venous flow (distal); Qvc=systemic venous flow (proximal) or vena caval 
flow; ELvF=L VF elastance; ELA=LA elastance; PRv=RV pressure; PPA,p=pulmonary 
arterial pressure (proximal); PPA,d=pulmonary arterial pressure (distal); PRA=RA pressure; 
QRA=RA inflow; QTc=tricuspid flow; QPA,p=pulmonary arterial flow (proximal); 
Qps=pulmonary A-V shunt flow; QPC=pulmonary capillary flow; Qpv=pulmonary 
venous flow; ERvF=RVF elastance; ERA=RA elastance; PsPT=trans-septal pressure; 
V sPT=septal volume; ex(t)=time-dependent activation function of x (where 
x=LVF,RVF,RA,LA); PPERI=pericardial pressure; PLvF=LVF pressure; PRvF=RVF 
pressure; VLvF=LVF volume; VRvF=RVF volume; QcoR=coronary flow; Px,Es=pressure 
of x at end-systole (where x=LV,RV,LA,RA); Px,En=pressure of x at end-diastole (where 
x=LV,RV,LA,RA); V x,ct=zero-pressure volume for the systolic pressure relationship 
(where x=LVF,RVF,SPT,LA,RA); Vx,o=zero-pressure volume for the diastolic pressure 
relationship (where x=LVF,RVF,SPT,LA,RA); Ex,Es=slope of linear ESPVR of x (where 
x=LVF,RVF,SPT,LA,RA); a(Fcon)=dimensionless neural control factor; Ax=stiffness 
parameter associated with the passive diastolic pressure relationship (where 
x=LV,RV,SPT,LA,RA); Px,o= nominal diastolic pressures for x (where 
x=LVF,RVF,SPT,LA,RA); 

Pulmonary and Gas Exchange Model 

V A=pulmonary alveolar volume; V c=pulmonary collapsible airway volume; V cw=total 
gas volume in lungs; V vE=lung viscoelastic volume; Pj '=pressure in region j of species i, 
where i=Oz, COz, or both (*), and j= alveoli (A), collapsible airways (C), rigid dead 
space regio~ of airways (D), interstitial space (IS), intracellular space (IC), or atmosphere 
(A TM); Cj ' =concentration in region j of species i, where i=02 or C02, and j=IS or IC; 
PPL=pleural pressure; PEL=alveolar transmural pressure; P™=collapsible airway 
transmural pressure; QEn=air flow in upper airways; QcA=airflow between collapsible 
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airway and alveolar space; Qnc=airflow between dead space and collapsible airways; 
<p101,/ =total rate of transfer of species i in region j, where i=Oz, COz,or both (*), and 
j=lung (L), tissue (T), or brain (B); Tbocty=body temperature; Ts=standard temperature; 
Ps=standard pressure; V n= anatomic dead space volume; ai=tissue disassociation 
constant of species i, where i=02, C02; D/=diffusing capacity of species i in region j, 
where i=02, C02 and j=membrane (MEM), brain (B), or CSF; M/=metabolic rate of 
species i consumption in region j, where i=02, C02, and j=tissue (T) or brain (B); 
Kmyo=myoglobin capacity of Oz; Rc=collapsible airways resistance; V c,max=maximum 
collapsible airway volume; Rs=small airways resistance; K1=linear resistance of upper 
airways; K2=flow-dependent resistance of upper airways; K3=magnitude of Rc at 
Vc=Vc,max; v*=alveolar volume at end inspiration; Rsc=Rs at v*; Rsm=magnitude of (Rs
Rsc) at minimal alveolar volume; Rsa=parameter characterizing curvature of Rs; 
Nseg=number of capillary segments; 

Tissue Water Exchange and Lymphatics Model 

V1s=interstitial fluid volume; V1c=intracellular fluid volume; VLYM=systemic lymphatic 
volume; PLYM=systemic lymphatic pressure; VLYMvP=lung lymphatic fluid volume; 
PL YMvp=visceral pleura lymphatic fluid pressure; V PULMis=pulmonary interstitial fluid 
volume; P,s=interstitial fluid pressure; P1c=intracellular fluid pressure; QLYM,ct=systemic 
lymphatic flow (distal); QLYM,p=systemic lymphatic flow (proximal); Qp,101=total water 
flux across capillary; Q1c=intracellular fluid flow; Kp=filtration coefficient; 
R1c=intracellular flow resistance; 

Neural Model 

Fb=baroreceptor frequency; F8=pulmonary stretch receptor frequency; Fc=chemoreceptor 
frequency; Fcc=central chemoreceptor frequency; FHRs=normalized frequency of 
sympathetic control of HR; FHRv= normalized frequency of vagal control of HR; 
Fcon=normalized sympathetic efferent discharge frequency controlling contractility; 
Fvaso=normalized sympathetic efferent discharge frequency controlling vasomotor tone; 
KFbaroreceptor neural parameter; Os=for low pass filtering of pulmonary stretch receptor 
frequency; Ec~=for low pass filtering of peripheral chemoreceptor signal; Ecc=for low pass 
filtering of central chemoreceptor signal; EHRv=for low pass filtering of vagal control of 
HR signal; EHRs=for low pass filtering of sympathetic control of HR signal; Econ=for low 
pass filtering of contractility signal; Evaso=for low pass filtering of vasomotor tone signal; 
Kchm=chemoreceptor variable; 

Cerebral Circulation and Gas Exchange Model 

CSF=cerebral spinal fluid; V NA= neck arterial volume; PNA=neck arterial pressure; 
V cA=cerebral arterial volume; PcA=cerebral arterial pressure; V cc=cerebral capillary 
volume; Pcc=cerebral capillary pressure; V cv=cerebral venous volume; V Nv=neck 
venous volume; V1cR=intracranial volume; P1cR=intracranial pressure; C/=concentration 
in region j of species i, where i=02, C02, or both (*), and j=CSF, brain interstitial (BIS), 
or brain intracellular (BIC); P/=pressure in region j of species i, where i=02, C02, or both 
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(*), and j=CSF, BIS, or BIC; Xaut=cerebral autoregulation variable; PNv=neck venous 
pressure; Pcv=cerebral venous pressure; QNA=neck arterial flow; QcA=cerebral arterial 
flow; Qcc=cerebral capillary flow; Qcv=cerebral venous flow; Q1v=jugular venous flow; 
Qp=CSF formation rate; Qo=CSF absorption rate; V ss=brain interstitial tissue volume; 
V sc=brain intracellular tissue volume; RNA=neck arterial resistance; RcA=cerebral arterial 
resistance; Rcc=cerebral capillary resistance; Rcv=cerebral venous resistance; 
RJV=jugular venous resistance; Rp=CSF formation resistance; CcA=cerebral arterial 
compliance; Ro=CSF absorption resistance; 
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Chapter 4 

Modeling Study of the Failing Heart 
and its Interaction with an 

Implantable Rotary Blood Pump 

4.1. Overview 

In the event of compromised left ventricular performance, mechanical left 

ventricular assist devices (LVAD) are often implanted to augment or completely 

replace the pumping action of the left ventricle (LV). One such type is the 

implantable rotary blood pump (iRBP) placed in the chest to draw blood from the 

LV and pump it into the aorta. Several design issues related to the iRBP are difficult 

to study experimentally due to procedure complexity and limitations in animal 

models of heart failure [63]. Hence, modeling has become a key tool in iRBP 

development. In this study we have created two models of left heart failure -

diastolic and systolic, using our human cardiovascular-respiratory system (H-CRS) 

model, and we present a comparison of the two types with emphasis on novel and 

differentiating clinical signs, such as tricuspid flow and septal motion. Secondly, we 
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have introduced an iRBP model based on [63],[64] in the systolic failing heart to 

study the interactions. We consider optimal motor settings for different levels of LV 

assistance, the effects of the iRBP on the right heart, septum, and pulmonary 

circulation. Our model results align with those reported in [63],[64]. Improvement 

in cardiac output, pulmonary congestion, and heart work are seen with the iRBP. 

However, with increasing pump speeds we also observe interference with normal 

septal function (lowered septal assistance to right ventricular (RV) and LV ejection), 

attended by an elevation in RV work and a reduction in LV ejection time (LVET), 

which causes LV mechanical dyssynchrony in ejection. These results suggest right 

heart compromise via the septum's reduced role with the introduction of an iRBP. 

4.2. Background 

4.2.1. iRBP Model 

The use of implantable rotary blood pumps (iRBP) as a means of LV assist 

in the event of LV heart failure is increasing, for multiple reasons. Firstly, iRBP, 

like other types of ventricular assist devices (VAD), can be used in three modes: a) 

bridge-to-recovery, wherein the iRBP is implanted short-term to assist the ventricle 

while the heart is treated for a condition, or during a surgery recovery process, until 

the heart returns to normal operation and contractility, b) bridge-to-transplant, 

wherein the VAD is used to keep a patient alive while waiting for a heart transplant, 

c) destination therapy, wherein a VAD is inserted for long-term use intended for 

patients who cannot receive a heart transplant (i.e., because of health ineligibility or 
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age). The benefits of iRBPs are that they can placed inside the chest and that they 

operate as continuous flow pumps allowing for simpler, smaller, and more reliable 

designs, as well as reducing the risk of clotting of stagnating blood. The 

VentrAssist™ iRBP (Ventracor Ltd, Sydney, Australia) has been modeled and 

studied in [63]-[65], and we have integrated this model in our H-CRS model. This 

iRBP is a centrifugal blood pump with a hydrodynamic suspension so there is only 

one moveable part. Permanent magnets in the rotor blades interact with oscillating 

current through the stator windings to create electromagnetic torque and turn the 

rotor. Input and output cannulae connect to the apex of the ventricle and the aortic 

arch, respectively. 

Implantable rotary blood pumps can be operated in two different pumping 

states depending on the requirement. The first is an assist mode for ventricular 

ejection (VE), wherein the pump operates in conjunction with the ailing ventricle, to 

reduce strain on the ventricle, while maintaining ventricular activity. This mode is 

commonly used in bridge-to-recovery cases, as the minimally working ventricle is 

allowed time to recuperate and strengthen. The second mode is a replacement mode 

wherein the pump completely takes over the role of the ventricle and the aortic 

valve does not open (ANO). For iRBPs, pump speed control is critical in avoiding two 

dangerous pumping states. The first undesirable state is pump regurgitation (PR) 

where pump backflow occurs when the speed is too low to drive blood through the 

aorta. The second dangerous state is ventricular collapse (VC), when the speed is too 

high causing ventricular walls to collapse and obstruct pump inflow. 
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Implementing a mathematical model of the iRBP in the H-CRS model is a key 

approach to simulating pump-heart interactions. Previously, several groups have 

modeled iRBPs within a cardiovascular model as a testbed. Some such as [66] have 

tested iRBPs within mock circulatory loops which are physical models that provide 

rough approximations to the cardiovascular system. However, mock circulatory 

loops tend to be very qualitative characterizations in comparison to the 

mathematical approach to modeling the circulatory system. For example, [67] 

implements a mathematical circulatory loop with a blood pump model, with pump 

equations based on purely pump characteristic measurements. As a result the 

relationship between current and pump speed is not modeled, and the pump can 

only be operated in either constant speed or constant current mode. Furthermore, 

the cannula models fail to take into account the cannulae resistance to change in 

flow rate. Vandenberghe, et al. [68] integrates mathematical iRBP and circulatory 

system models and includes cannulae models for constant flow, but does not take 

into account suction resistance at the inlet. We have selected the iRBP model 

developed in [63]-[65] for our work which includes constant flow cannulae, suction 

resistance, and torque transfer equation to model the current-based speed control. 

Unlike the above mentioned models which are embedded in cardiovascular models, 

an extensive model such as our H-CRS model provides a broader view with 

circulatory, pulmonary, and neural aspects accounted for, all important in iRBP 

design considerations. Furthermore, our H-CRS model has an active septum model 

providing better characterization of ventricular interaction. 



As in [63],[64], the iRBP can be modeled with three differential equations, 

the motor windings electrical equation, the electromagnetic torque transfer 

equation, and the pump hydraulic equation. These three equations define the state 

variables QBP (pump flow), ffiBP (pump speed), and lBP (motor current). The input 

and output cannulae are modeled as flow-dependent resistance (RIN and RouT) in 

series with inertance (LIN and LouT). Potential suction at the inflow cannula is 

modeled with another resistance (Rsuc) dependent on the LV volume, which 

increases exponentially when LV volume drops below a threshold value. The circuit 

model for the iRBP is shown below [63]-[65] (Figure 4.1): 

dQBP droBP dJ BP ------
dt ' dt ' dt 

- Psp + 

Figure 4.1: iRBP Circuit Model 
Circuit diagram for implantable rotary blood pump for left heart [63]-[65]. Rin 
and Rout represent input and output cannulae resistance. Lin and Lout represent 

inertia of blood in the cannulae. The rectangle represents the blood pump 
motor with a differential pressure PBP across it. The iRBP can be modeled as 
three differential equations, the three state variables being QBP, COBP and IBP· 

The iRBP model equations [63]-[65] based on a pig model follow. 

Since the human heart is comparable in size to the pig heart, the exact model has 
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been used in our study. The pump hydraulic equation is obtained from a fit to the 

pump characteristic curve (differential pressure (Pap) vs. pump flow (Qap)). 

3 2 P8 p = e+ fQ 8 p + gW8 p , e = -6, f = -0.0524, g = 0.0019 

Equation 11 

Given Pap, the state equation for Qap can be defined: 

where 

dQ8 p PBP -(PAo,p- PLv )-{R,N +RouT+ Rsuc)QBP 
--= 

dt L1N +LoUT 

Equation 12 

{
0.5(e -l.3VLv ) v LV < 0 

Rsuc = . 
0 otherwise 

LBPINOUT = L,N +LouT = 0.054mH 

RBPINOUT = R,N +RouT = 0.006QBP 

Equation 13 

The electromagnetic torque (T e) is proportional to the BEMF constant and 

phase current. The resulting electromechanical energy is converted to inertial 

energy that accelerates or decelerates the rotor. This load/friction torque on the 

rotor is related to the input torque as follows: 

Equation 14 



which gives the following state equation: 

drosP _ 3ksEMFIBP - (aQs/rosP + bQspffisp 2 + crosP + dros/) 
dt J 

a= 4.38e -7, b = 1.19e -8, c = 1.92e- 5, d = 3.14e -10, 

ksEMF = 8.48e- 3V /rad ·sec, J = 7.74e- 6kg · rn 2 

Equation 15 

Thirdly, the motor windings electrical equation 

- - . - dJBP 
V MBP = I(R + JX) + E = kBEMF(l)e + R MBPIBP + LMBP -

dt 

Equation 16 

gives the following state equation: 

diBP = VMBP- kBEMFroe- RMBPIBP ro = 2ro R = 1 38Q L = 0 439rnH 
d L ' e BP ' MBP · ' MBP · 

t MBP 

Equation 17 

4.2.2. Diastolic and Systolic Heart Failure 

Implantable rotary blood pumps are commonly used in cases of heart failure 

requiring LV systolic assistance. In most cases, this is in the presence of reduced CO 

due to systolic heart failure (SHF) caused by LV systolic dysfunction (LVSD). LV 

diastolic dysfunction (LVDD) leading to diastolic heart failure (DHF) is normally not 

treated with iRBPs as the LV volume is already very small, and iRBP assistance 
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shrinks the LV even more. We present our models of both DHF and SHF below, 

addressing common and novel signs of HF and signs distinguishing the two types. 

DHF is induced by using restrictive-type (R-type) LVDD, wherein the passive 

stiffness of LV walls is increased. SHF is modeled using only a change in the slope of 

the end-systolic pressure-volume relationship (ESPVR). In this case the normal end

diastolic pressure-volume relationship (EDPVR) is used (a case of pure systolic 

dysfunction). Parameter changes were made such that the stroke volume (SV) 

decrease was comparable in LVDD and LVSD. 

LVDD and ensuing DHF are characterized by elevated diastolic pressures, 

lowered SV, high left atrial (LA) pressures due to pulmonary congestion, and normal 

or near-normal LV ejection fraction (EF) [69], while LVSD and ensuing SHF without 

remodeling are marked by an enlarged LV, decreased systolic pressures, lowered 

SV, reduced LVEF, and normal end-diastolic pressure-volume relationship (EDPVR) 

[69]. Figure 4.2A-D and Figure 4.3A-D show P-V loops for R-type LVDD and LVSD, 

respectively, for the normal (black) and diseased (red) hearts. LVDD increases LV 

diastolic pressures, reduces end-diastolic volume, and lowers SV (Figure 4.2D). 

LVSD shifts the LV P-V loop far rightward to higher volumes, decreases LV systolic 

pressure, and lowers SV (Figure 4.3D). RV P-V loops in both cases shows higher 

systolic pressures and delayed pulmonic valve opening (Figure 4.2C and Figure 

4.3C). CO decreases from 4.9 L/min to 3.5 L/min in LVDD and 3.2 L/min in LVSD 

(Table 4.1) and pulmonary volume measurements are elevated in comparison to a 

normal heart (NH) (increases from 562 ml in NH to 708 ml and 661 ml, in LVDD and 



LVSD, respectively). Reflecting these changes, the RA P-V loop shifts downward 

from normal in both cases due to lowered CO while LA P-V loop shifts upward due 

to pulmonary congestion. LVEF is near normal in LVDD (drops to 0.65 from 0.72, 

within 10% of normal), while LVEF is less that 50% in LVSD (0.32) (Table 4.1). 
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Figure 4.2: Model Hemodynamics for LVDD 
For the normal heart (black line) and diseased heart (red line), pressure

volume loops (Panels A-D) and dynamic pressure and flow plots (Panels E-H). 

Plotting dynamic chamber pressures reveals the increase in heart rate associated 

with HF (Figure 4.2E-H and Figure 4.3E-H). In both LVDD and LVSD, RV systolic 

pressure takes an upward tum in contrast with the normal heart downward slope (Figure 

4.2E and Figure 4.3E). In LVSD, isovolumic RV relaxation is slowed with increased 

afterload (Figure 4.3E), and isovolumic LV contraction is slowed due to septal delay in 

leftward movement (Figure 4.3F) (explained later). Ratio of the characteristic two 

pe.aks (E-wave and A-wave) in mitral and tricuspid flows (QM and QTc, respectively) 

measured via echocardiography can reveal the presence of diastolic dysfunction. In 

clinical practice, R-type LVDD is identified by an abnormally high E-A wave QM ratio 

(above the normal range of 1-1.5). Previous work reveals that E-A wave ratio of QTc 

is abnormally low regardless of LVDD type [13]. In this work, while QM E/A wave 

ratio rises above normal range in R-type LVDD to 2.67 (Figure 4.2H), it is normal in 

LVSD at 1.15 (Figure 4.3H) (Table 4.1). The QTc E/A wave ratio however, is below 

normal range in both cases (0.57 with LVDD and 0.56 with LVSD) (Figure 4.2G and 

Figure 4.3G and Table 4.1). In LVSD, the QM ratio does not show abnormality, but 

similar to the LVDD case, the QTc ratio is below normal range. Left-sided HF 

(regardless of LVDD type as well [13]) is revealed consistently in the right heart QTc 

E/ A wave ratio. 
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Figure 4.3: Model Hemodynamics for LVSD 
For the normal heart (black line) and diseased heart (red line), pressure

volume loops (Panels A-D) and dynamic pressure and flow plots (Panels E-H). 

Ventricular mechanical dyssynchrony can be detected in the model by the 

level of synchrony in inlet and outlet flows from the ventricles. A comparison of 

transvalvular flows of the right and left of the LVDD study shows that the tricuspid 

valve is delayed in opening (Figure 4.4A2-B2) compared to the synchrony seen in a 

normal heart (Figure 4.4A1-B1). The outlet flows of pulmonary arterial flow (QPA) 

and aortic flow (QAo) are synchronized, with QPA ending in time with QAo (Figure 

4.4C2-D2) unlike the normal heart in which the pulmonic valve closes later (Figure 

4.4C1-D1). In the LVSD case, while the transvalvular flow synchrony is similar to 

that of a normal heart (compare Figure 4.4A1-B1 with Figure 4.4A3-B3), the outlet 

flows are markedly desynchronized, with a delayed opening of the aortic valve 

(Figure 4.4D3) in comparison to the pulmonic valve (Figure 4.4C3). The pulmonic 

valve also closes earlier than the aortic valve (Figure 4.4C3-D3). 
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Figure 4.4: Mechanical Dyssynchrony Depicted in Flows 
Evaluation of ventricular mechanical dyssynchrony by way of observing the 
level of synchrony of inlet and outlet flows of the RV and LV. Transvalvular 
flows in LVDD (Panels A2-B2) are desynchronized in valve opening, with a 

tricuspid valve opening delay, while the closure is like that of a normal heart 
(Panels A1-B1). Outlet flows are synchronized even at valve closure (Panels 

C2-D2), unlike the normal heart (Panels C1-D1). In the LVSD case, 
transvalvular flow synchrony matches that of a normal heart (Panels A3-B3), 
but the outlet flows are markedly desynchronized with a delayed opening of 

the aortic valve (Panel D3) and early closure of the pulmonic valve (Panel C3). 

4.3. Results 

In this work, we introduce the iRBP in the LVSD model to observe the impact. 

It has been observed that implantation of an LVAD may lead to right heart failure 

requiring RVAD implantation as well [70], and using our model we make 
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observations on the influence of an LV iRBP on the right heart. We first simulate the 

four possible operating states. This includes the two desired modes of operation, 

assist (VE) and replace (ANO), as well as pump regurgitation (PR) and ventricular 

collapse (VC). Normal heart (NH) and LVSD with no blood pump (NP) are also 

simulated for comparison. Secondly, we analyze the effects of the iRBP on the right 

heart, septum, neural control, and heart work. 

4.3.1. iRBP Characterization in Presence ofLVSD 

The iRBP model was integrated with the H-CRS model of LVSD. The iRBP 

characteristic waveforms are shown in (Figure 4.5) for four different pump speeds 

(1950 rpm, 2000 rpm, 2800 rpm, 3200 rpm) representing operation in the four 

different modes. Pump regurgitation is seen at very low speeds (1950 rpm) with 

negative QBP (Figure 4.5A1). The pump operates as expected: with decreasing PBP, 

IBP and QBP increase, and vice versa. The motor current (IBP) (Figure 4.5A4-D4) and 

differential pressure (PBP) (Figure 4.5A5-D5) steadily rise with greater speeds (COBP) 

(Figure 4.5A3-D3). At 2000 rpm the pump assists the LV with higher QBP and 

reduced LV outflow into the aorta (QA.o,p) (Figure 4.5B1). The LV contributes much 

less to ejection with greatly reduced LV ejection time (LVET) (Figure 4.5B2 and 

Table 4.1), and pulse pressure levels off (Figure 4.5B2 dotted line) with primary 

arterial inflow coming from the continuous flow pump. As speed increases, the SV 

improves. Baroreceptor feedback to this increased SV causes a decrease in heart 

rate. These model values as well as CO are shown in Table 4.1. At 2800 rpm, the 

iRBP replaces the LV in its role in ejection. The aortic valve is shut with zero LV 
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outflow (Figure 4.5C1 and Table 4.1). LV contraction is minimal and systolic LV 

pressure is drastically reduced (Figure 4.5C2), while on the other hand, RV ejection 

time (RVET) and CO increase (Table 4.1). Pulse pressure is constant (Figure 4.5C2, 

dotted line). At 3200 rpm, ventricular collapse is observed, as Qsp (Figure 4.5D1) 

drops rapidly at end-systole coincident with PLv falling below zero or collapsing 

(Figure 4.5D2). The sharp changes are observed in lsp (Figure 4.5D4) and Psp 

(Figure 4.5DS) waveforms as well. 

LVET RVET HR SV co Heart QME/A QTcE/A Work (sec) (sec) (bpm) (ml) (L/min) m Ratio Ratio 

DD I SD DD I SD no Tso DD SD DD SD DD SD DD SD DD SD 
NH 0.28 0.34 55 89 4.9 0.74 1.15 1.12 

NP 0.29 0.18 0.27 0.26 63 64 55 50 3.5 3.2 0.42 0.38 2.67 1.05 0.57 0.56 

PR 0.29 0.12 0.29 0.28 62 62 59 56 3.7 3.5 0.44 0.35 3.14 1.13 0.64 0.66 

VE 0.06 0.07 0.33 0.29 56 60 80 60 4.5 3.6 0.31 0.27 1.58 0.94 0.87 0.70 

ANO 0 0 0.37 0.38 50 50 113 118 5.7 5.9 0.24 0.20 1.20 0.86 1.19 1.33 

vc 0 0 0.39 0.40 50 50 130 142 6.5 7.1 0.19 0.19 0.88 0.75 1.41 1.37 

Table 4.1: Model Measurements of Key Indices 
Key model measurements in LV diastolic dysfunction (DD) and LV 

systolic dysfunction (SD) simulations for normal heart (NH), LVSD with no 
pump (NP), pump regurgitation (PR), ventricular ejection (VE), aortic valve 

not open (ANO), and ventricular collapse (VC). LV ejection time (LVET) drops 
significantly with iRBP assistance, while RVET increases with pump speed. As 
speed increases, heart rate (HR) decreases, stroke volume (SV) increases and 
cardiac output (CO) increases. Heart work decreases with increasing speed. 

Mitral flow (QM) E/ A ratio is abnormally high with LVDD and normal with 
LVSD, but decreases with pump speed, except with PR when the ratio 

increases. QTc E/ A ratio is abnormally low in both LVDD and LVSD, but 
increases with pump speed. 
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Figure 4.5: iRBP Characterization in LVSD Model 
After integration into the H-CRS model of LVSD, the iRBP's characteristic 
waveforms are shown, in four operating states: pump regurgitation (PR), 

ventricular ejection (VE), aortic valve does not open (ANO), and ventricular 
collapse (VC), at pump speeds 1950, 2000, 2800, and 3200 rpm, respectively. 
PR seen with negative Qsp in Panel At. Reduced LV outflow (Panel Bl) and LV 

systolic contraction (Panel B2) in VE mode. Zero LV outflow (Panel Cl) and 
lowered LV systolic pressures (Panel C2) in ANO mode. VC observed with 

sharp drop in Qsp at end-systole (Panel 01) coincident with negative Ptv. lsp 
(Panels A4-D4) and Psp (Panels A5-D5) steadily increase with increasing ffiBP 

(Panels A3-D3). 

4.3 .2. iRBP-H-CRS Model Interactions 

iRBP effects on the circulatory loop can be summarized by pressure-volume 

loops for all four chambers (Figure 4.6), featuring the normal heart, heart with 

LVSD, heart with LVSD and iRBP in VE mode (2000 rpm), and heart with LVSD and 

iRBP in ANO mode (2800 rpm). LV volume progressively drops with increasing 
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speed (Figure 4.6D), and the continuous flow nature of the pump is seen with 

decreasing volume during LV contraction. In ANO mode, the ventricular systolic 

pressure is greatly diminished with no LV ejection taking place. On the contrary, 

end-diastolic RV volume increases with increasing pump speeds to accommodate 

the increased CO (Figure 4.6C). RV systolic pressures drop toward normal. RA 

pressure increases (Figure 4.6A) while LA pressure drops (Figure 4.6B) with 

increasing pump speed, the first reflecting the higher CO, and the second reflecting 

the lowered pulmonary congestion. 
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Figure 4.6: Pressure-Volume Loops ofiRBP-H-CRS Model 
Pressure-volume loops for all four chambers for four cases: NH, NP, VE, and 
ANO. With increasing pump speed, LV volume diminishes (Panel D), RV end

diastolic volume increases and systolic pressure increases (Panel C), RA 
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pressure increases due to increased CO (Panel A), and LA pressure decreases 
due to lowered pulmonary congestion (Panel B). 

Septal volume (VsPT) plots indicate the change in septal movement (Figure 4.7). A 

positive slope in VsPT indicates rightward movement, whereas a negative slope 

indicates leftward movement [2]. With LVSD, the septum is rightward bowed 

through most of diastole due to the characteristically enlarged LV. Septal priming, or 

the sharp rightward movement at early systole, which aids RV ejection [2],[13] 

disappears (Figure 4.7C). As a result, the pulmonic valve opens later (A). The 

following leftward swing is slowed, causing a prolonged LV isovolumic contraction 

period and delaying the opening of the aortic valve (Figure 4. 7B). With the iRBP in 

place, the septal position remains rightward bowed, and the leftward thrust is 

further slowed. Contrary to the rightward movement during septal priming, the 

septum shows a slight leftward motion. With increasing pump speed, septal 

displacement decreases, lessening its critical role in both RV and LV early ejection. 

Ejection times are given in Table 4.1 - LV ejection time is reduced with iRBP 

assistance, while the reverse occurs in the RV. 
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Figure 4.7: Septal Motion with iRBP 
RV and LV pressure are shown in Panels A and B, respectively, with open 

circles indicating outlet valve opening, and closed circles indicating outlet 
valve closure. Septal volume is shown in Panel C, where positive slope 

translates into rightward movement, and negative slope translates into 
leftward movement. With LVSD (red line), the septum is rightward bowed and 
septal priming stage disappears, delaying pulmonic valve opening (Panel A). 
The septum is delayed in its leftward thrust, prolonging LV contraction and 

delaying aortic valve opening. As speed increases, septal displacement 
diminishes, and in place of rightward movement during septal priming, the 

septum moves leftward. Septal aid to LV ejection worsens with further 
delayed leftward thrust. 
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4.3.3. HeartWorkAnalysis 

The role and effectiveness of the iRBP can be evaluated through an analysis 

of total heart work and the contribution of individual elements to work [2]. The 

work done by the iRBP over a cardiac cycle for the increasing speeds is shown in 

Table 4.2. As expected, iRBP work increases with speed. As shown in Table 4.1, total 

heart work diminishes with the iRBP in place and at increasing speeds. Figure 4.8 

displays the work of separate heart components. While PR mode slightly increases 

left heart work (blue lines in Figure 4.8) due to the regurgitant flow, the remaining 

operating modes VE, ANO and VC cause a marked decrease (95% decrease in WLv, 

30% decrease in WLA, Figure 4.8A-B), falling far below the control value. On the 

contrary, RV work rises as pump speed increases (32% increase from control, 

Figure 4.8A, red line), while RA work remains relatively constant (Figure 4.8B, red 

line). Breaking down the work contributions even further, work done by individual 

ventricular walls is shown in Figure 4.8C. LV free wall work decreases (93% below 

control) and RV free wall work shows no tendency to decrease with pump speed. 

Septal work (Figure 4.8C, black line) decreases by 97%. RV performance as 

demonstrated by previous work [2],[13] is highly dependent on septal contribution 

particularly during ejection. With septal work at nearly zero, RV work rises. 

Work 

NP VE ANO vc 

Table 4.2: Work Done by iRBP 

Table shows work done by the iRBP in one cardiac cycle for increasing 
speeds. As speed increases, iRBP work increases. 
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Figure 4.8: Heart Work with iRBP 
Work done by individual components in the heart. Blue lines pertain to the 

left heart, red lines to the right heart, and black line to the septum. LV and LA 
work (Wtv and WtA) shows decrease with increasing speeds. RV work (WRv) 

tends to rise with increasing speeds, while WRA remains relatively unaffected. 
LV free wall (WtVF) and septal (WsPT) work decrease to nearly zero while RV 
free wall (WRVF) work tends to rise. NH=Normal heart, NP=R-type LVDD with 
no pump, PR=pump regurgitation, VE=ventricular ejection, ANO=aortic valve 

not open, VC=ventricular collapse. 

4.4. Discussion 

We demonstrate the wide applications of our H-CRS model, from its role in 

bettering physiological understanding, to bettering clinical diagnosis, to bettering 
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therapeutic design. First, with simple parameter changes, both LVDD and LVSD are 

simulated to demonstrate the presence of heart failure and important signs such as 

consistently abnormal tricuspid flow in LV disease, and ventricular dyssynchrony 

present at diastole in LVDD and at systole in LVSD are revealed. Such physiological 

observations may be overlooked in the clinical setting due to the traditional single

sided ventricular pressure recordings, and the non-simultaneous nature of 

catheterization and echocardiography procedures. 

iRBP design can be aided immensely by integrated iRBP- cardiopulmonary 

models. Our H-CRS model has the capability of providing extensive information on 

the operation of an iRBP including important signs of right heart effects. The 

integration of the iRBP serves to improve CO with LVSD in both LV assistance and 

replacement methods. Left heart work decreases, as is shown with decreased work 

by the LV free wall, LA and LV, individually. The right heart however, bears an 

increase in work with the iRBP, a direct result of the reduced septal contribution to 

RV ejection. The septum has a critical role to play in much of the abnormal 

ventricular mechanics observed. In summary, the septum in the presence of LVSD 

creates mechanical ventricular dyssynchrony, delayed LV contraction, reduced RV 

ejection, and increased RV work. By increasing iRBP speed, there is improvement in 

SV and CO and reduction in total heart work, but as a drawback, septal assistance to 

both RV and LV early ejection is further reduced. 
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4.5. Conclusions 

The H-CRS model developed by our group allows an in-depth comparative 

study of diastolic and systolic heart failure, bringing to light aspects such as 

ventricular mechanical dyssynchrony not previously acknowledged in the literature. 

The H-CRS model is also well-suited for therapeutic design studies. With the ability 

to simulate whole heart effects of an iRBP, the work points toward the drawbacks in 

RV and septal performance due to the LV iRBP, which can be depicted using 

analytical indices such as heart work, beneficial for design. 
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Chapter 5 

Conclusions 

The human cardiovascular-respiratory system model has significant 

applications to the medical field, which has been demonstrated by this work. We 

show how the model can be employed to simulate diseased conditions and provide a 

uniquely broad perspective which cannot be practically obtained in an experimental 

or clinical setting. The large-scale nature of our H-CRS model allows one to 

investigate nontraditional signs of disease which can be potentially incorporated 

into clinical practice. In this work, we have studied multiple cardiopulmonary 

conditions with varying causes and varying effects, however a common theme 

stands out among them all. This theme is the importance of the right heart as an 

indicator of abnormality. Cardiac tamponade and pulsus paradoxus are traditionally 

diagnosed by changes seen in the left heart, however, as our study shows, the right 

heart bears more significant and earlier signs. The following studies of LVDD and 

LVSD are results of left ventricular disease, but we demonstrate that the right heart 

shows strong, unambiguous signs of dysfunction, unlike the left heart itself. Our 
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work stresses the idea of incorporating biventricular recordings into common 

clinical practice for improved diagnosis. 

In a left heart condition, right heart performance is affected due to 

ventricular interaction incited by the interventricular septum. We show how the 

septum's active participation in right and left ventricular ejection and filling 

becomes of particular relevance in the presence of abnormality. More obviously, 

septal abnormality reduces septal role in right and left heart hemodynamics, 

ultimately upsetting the duration and timing of ejection times, and hence creating 

ventricular mechanical dyssynchrony. But less obviously, a healthy septum in the 

presence of left ventricular disease has altered motion and therefore transmits 

altered performance to the right heart. In either scenario, the septum from a 

diagnostic point of view is a key indicator of disease. One might also conclude that 

ventricular mechanical dyssynchrony will certainly result from ventricular disease. 

Our work consisting of several case studies has also further validated the choice of 

an active septum model in our H-CRS model, rather than a passive septum model. 

This work demonstrates how mathematical modeling is a powerful tool in 

diagnosis and study of medicine. 
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Chapter 7 

Appendix A 

Model equations are provided below. See Appendix B (Table 8.1, Table 8.2, 

Table 8.3, and Table 8.4) for parameter values. 

Cardiovascular Model 

The ordinary differential equations to compute pressures, volumes, and 

flows in the circulatory loop are as follows. Model description of ventricular 

pressures is given in the Methods section, and repeated below for convenience. 

The instantaneous pressure (mmHg) within either VLvF or VRvF is the 

weighted sum of pressure during diastole and systole [Equation 1]: 
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where 

and 

PLvF(VLvF• t) = eLvF(t) PLv,Es(VLvF) 

+ (1- eLvF(t)) PLv,Eo (VLvF) 

p RYF (V RYF• t) =: eRYF (t) p RV,ES (V RVF) 

+ (1- eRvF (t)) PRv,Eo (V LVF) 

PLV,ES (V LVF) = a(Fcon) ELV,ES (V LVF - v LVF.ct) 

p RV,ES (V RYF) =: a(Fcon) E RV,ES (V RVF - V RVF,) 

Since both PLvF and PRvF are transmural (differential) pressures with 

reference to PPERI, the absolute chamber pressures PLv and PRv (relative to 

atmosphere) are equivalent to the respective free wall transmural pressure plus 

PPERI. LA and RA are described similarly. 

The trans-septal pressure difference (mmHg) is: 

V SPT is calculated from the difference in the two free wall pressures, and is 

the weighted sum of diastolic and systolic contributions. 

If PsPT;::: 0, 
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If PsPT < 0, 

_ 1 (- psPT ) VsPT,Eo (PsPT) =---log + 1 + VsPT,o 
"-sPT PsPT,o 

where EsPT,Es=40 mmHg/ml, VsPT,d=O ml, AsPT=O.OS ml-1, PsPT,o=1.11 mmHg, 

VsPT,o=O ml 

Septal volume is then the weighted sum of septal volume in systole and 

diastole: 

VsPT (PsPT, t) = esPT (t) VsPT,Es (PsPT) 

+ (1- esPT (t)) VsPT,Eo (PsPT) 

Given the model storage element volumes (VLvF, VRvF and VsPT), the 

corresponding transmural pressures for the free walls and septum can be 

calculated. Total VLv and VRv are defined as: 



In these equations ex(t) is the dimensionless weight or "activation function," 

denoting myocardial activation as between 0 and 1, where x = LVF, RVF, or SPT. 

Ventricular mechanics is described by separate mechanical and temporal behavior-

mechanical behavior by static free wall pressure-volume characteristics and 

temporal behavior by ex(t) functions. 

The circulatory loop is computed as follows, beginning with the LV: 

PLY -PAO,p 

QAO,p = R 
AO,p 

dQAO,d - p AO,p - R AO,d QAO,d - p AO,d 

dt LAO,p 

dVAO,p 
dt = QAO,p - QAO,d - QCOR - QNA 
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dPTMAO,p _ QAO,p - QAO,d - QCOR - QNA 

dt CAO,p 

dQsA = P AO,d - RsA QSA - PsA 

dt LAO,d 

dVAOd 
dt' = QAO,d- QSA 

dPTMAO,d QAO,d - QSA 
= 

dt CAO,d 

dQSA = PAO,d -RSAQSA -PSA 

dt LAO,d 

PsA = {1- Fvaso )PsA.passive + FvasopSA,active + pbody. where 

(
VSA -210 ) 

PSA,active = 1000 ln SO + 1 

PSA,passive = 0.03e O.l(VsA -150) + 0.2{VSA - 210 Y 

PsA,d - Psc - P body 
Qsc = , where Pbody is equal to P1s (see below) 
· Rsc 
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dVSAd Q 
--'- = QSAd- SC 

dt ' 

dPSA,d QSA,d - Qsc 

dt CSA,d 

dPsc _ Qsc - QsvL 
---

dt Csc 

dVsvL _ Q _ Q _ Q (see below for QF,tot) -- - SVL SV F,tot 
dt 

dPSVL _ QSVL - QSV - QF,tot ---
dt CSVL 

_ Psv + P body - pvc - p PL (see below for PPL) 
Qvc- R 

vc 
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dPsv --= --------2 
dYsv 3500Ysv - 0.999Ysv 

140000 

KvcJ V VC,max 'f V > V 
2 'l VC - VC,O 

dPvc _ Yvc,maxYvc -0.999Vvc 

dVvc K ~ 
VC2 e Vvcm;n if y < y 

V ' VC VC,O 
VC,min 

(see below for QLvM,p) 

dVRv Q "dt = QTC - PA,p 
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dQPA,d - PPA,p -RPA,dQPA,d -PPA,d 

dt LPA 

dPTMPA,p _ QPA,p - QPA,d 

dt CPA,p 

dPTMPA,d QPA,d -QPA 

dt CPAd 

dQPA = PPA,d -RPAQPA -PPA 

dt 4LPA 

dVPAd 
dt = QPA,d- QPA 

P +P -P -P* 
Qpc= PA PL PC A (see below for PA*) 

RPC 
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dPPA = QPA - QPC- Qps 

dt CPA 

dPpc = Qpc -Qpy 

dt CPC 

Q = p PV + p PL - p LA 
LA R 

LA 

dPpy Qpy + QPS -QLA = ____.:....:.......___.:..::....__~ 
dt 

dVLA =Q -Q 
dt LA M 

Lung and Airways Mechanics Model 



The airways model consists of the upper rigid dead space region, collapsible 

mid-airways region, and the lower small airways region. The rigid upper airway is 

characterized by a flow-dependent resistor (Rohrer resistor), where airflow is given 

as: 

Partial pressures in upper airways are given by: 

= 

-1-(QEDP~iM -QDCpgz )if QED~ 0 
VD 

- 1-{QEDpgz -QDcpgz )otherwise 
VD 

-1-(QEDp;~~ -QDCp~02 )if QED ~ 0 
VD 

_1_ {QED p ~oz - Q De p ~o2 ) otherwise 
VD 

A nonlinear P-V relationship characterizes the collapsible mid-airways with 

transmural pressure PTM given by: 

saptm-sbptm(~-0.7)2 
if Yc ~ 0.5 

V Cmax V C,max 

5.6- [ lbptmln( V ~ ~ -0.999)] otherwise 

where 
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p -5.6 
lbptm= TM,max , sbptm=9.99lbptm, 

6.908 

saptm = 5.6 + 0.04sbptm- 0.0009995lbptm 

The collapsible mid-airways volume is as follows, where airflow Qoc=QEo: 

Partial pressures in the mid-airways are given by: 

_l_{Qocpgz - QApgz - pgzdVc )if Qoc ~ 0 
vc 

- 1-(Q 0 cpgz -QAP~2 -Pg2 dVc}otherwise 
Vc 

_l_(Q pC02 _ Q pCOz _ pCOzdV )if Q > O 
V DC D A C C C DC-

C 

_1_ (Q pCOz - Q pCOz - pCOz dV ) otherwise 
V DC C A A C C 

c 

The alveolar volume is computed as follows: 

The alveolar airflow QcA is: 
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where 

R50 (VA -RV) 

v'-Rv R Rsme + Sc 
Rs=~~--1-3-60----~ 

Partial pressures in the alveoli are given by: 

dPo2 
__ A_= 

1 (Q p02 dV p02 p Tbody tt.02 J 'f Q > 0 - A C - A A - S --'t'tot,L l CA -
VA Ts 

dt 
1 (Q po2 dV po2 p Tbooy tt.02 J h · - A A - A A - s --'t'tot,L ot erwtse 

VA Ts 

_1-(Q pC02 _ dV pC02 _ p Tbody tt.C02 J if Q ~ 0 
V A C A A S T 't'tot,L CA 

A S 

_1_(Q pCOz - dV pco2 - p Tbody tt.C02 J otherwise 
V A A A A S T 't'tot,L 

A S 

Change in chest wall volume is calculated as below: 

dVcw dVA dYe 
--- = ---+ ---

dt dt dt 

Lung tissue viscoelasticity is taken into account with volume VvE: 

Pleural pressure is an approximate sinusoid of period of around 7 seconds 

[1]. 
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Systemic Lymphatics and Tissue Water Exchange Model 

Systemic lymphatics tap excess fluid from the interstitial space and empty 

into the systemic venous return: 

Q =PIS -PLYM 
LYM,d R 

LYM,d 

Q = PLYM -PRA 
LYM,p R 

LYM,p 

dVLYM 
dt = QLYM,d - QLYM,p 

dPLYM _ dVLYM 

dt CLYM 

Intracellular filtration is defined as follows: 

Q =PIS -PIC 

IC R 
IC 

dVIC =Q 

dt IC 

Gas concentrations and partial pressures in the intracellular compartment 

are given by: 
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dPo2 dCo2 
__ JC__ IC 

dt Kmyo 192.733 
-- +a. 
100 (3 .228 + pl~2 y 02 

Total water flux across the systemic capillaries is determined by the number 

of capillary segments defined (Nseg): 

N,.g K (( k J J QF,tot = L_F_ (Psc +Pis)+ _ (Psc - PsvL) - P,s- 20.2 
k=l N seg N seg 1 

Interstitial fluid volume is calculated by: 

Gas concentrations and partial pressures in the interstitial compartment are 

given by: 

dco2 tho, Do, (Po' po2} 
IS - 'l'tot,T - MEM IS· - IC 

= 
dt v,s 
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Neural Model 

Baroreceptor frequency is calculated as follows: 

dFb2 KrPTMAO,p +0.036KrdPTMAO,p -Fb, -0.0028Fb, 
--= -

dt 1.8e-6 

dF _b_, =R 
dt b2 

R 
R =-b_, 

b 300 

Stretch receptor frequency is calculated as follows: 

dF. e. -Fs = __::__.::... 
dt 5.0 
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{
0.35 if PTM < 5.0 

e = 1 
s _0 l(P _100) otherwise 

e . TM • + 1.0 

Peripheral chemoreceptor frequency is calculated as follows: 

-P~2 

1 6Pco2 e zs.o + K 
F = · A chm 

c 100.0 

_ {0.35(P;02 - 20) if P;02 ~ 20 
Kchm- . 

0 otherwise 

The signal is low-pass filtered by: 

dEc~ _ Fe -Eel 
dt 20.0 

Central chemoreceptor frequency is calculated as follows: 

1 
F =----...---~ 

cc 1.0 + e -51425(CHcs-CHcs.oJ 

(J. pCO, 

C _ 7 94 _ 7 COz CSF-
HCS- ' e 

22.26 CHC03 

C = 7.94e -7 (X'COz 45.5 
HCS,O 22 26 C 

' HC03 

The signal is low-pass filtered by: 
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dEcc _ Fcc - Ecc 

dt 10.0 

Heart rate vagal and sympathetic frequencies are calculated as follows, with 

low-pass filtering: 

F - 1 
HRv - e -2.4(21\,+Fc-2.5F5 -0.03) + 1 

dEHRv _ FHRv- EHRv 

dt 1.8 

1 
FHRs = e5.5(2f\,-0.64) + 1 

dEHRs FHRs - EHRs --= 
dt 20.0 

Heart contractility frequency and low-pass filtering are calculated as follows: 

F - 1 
con- e4.0(3f\,-F5 -0.76) + 1 

dE con Fcon - E con 

dt 20.0 

Frequency for vasomotor tone and low-pass filtering are calculated as 

follows: 

F = 1 
vaso e -4.0(-4f\,+Fc-3F5 +2.56) + 1 



dEvaso _ Fvaso - Evaso 

dt 20.0 

Cerebral Circulation and Gas Exchange Model 

The cerebral circulatory loop is defined as follows: 

dVNA 
dt=QNA -QeA 

dPNA _ QNA -QeA 

dt CNA 

Q _PeA -Pee 
ee -

Ree 

197 



Q =Pee -Pev 
ev R 

ev 

V dCeA 
eA C 2 

eA 

Pev = 3eo.t(Vcv-80) + 3.32 

Q = PNV -PRA 

JV R 
JV 
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dPICR dVICR --=--
dt CICR 

Gas concentrations and partial pressures in CSF are solved as below: 

dCg~F = QFao2 Pso2 -Qo<Xo2 PgiF +Dg~F(P~§ -PgiF) 

dt VICR 

dC~~~ = QF<Xco2 Psco2 - Qo<Xco2 P;~2 + D~~J (P;~2 - P;1~2 ) 
dt VICR 

dPgiF dCg~F 
--=--

dt <Xo2 

Gas concentrations and partial pressures in brain interstitial compartment 

are solved as below: 

dC~fs 
dt 

_ tl\o2 _ 0 o2 (po2 _ po2 ) 0 o2 (po2 po2 ) 
'l'tot,B B BIS BIC - CSF BIS - CSF 

VBS 
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dcco2 - ,.t,.COz + DCOz (pCOz - pCOz )+ DCOz (pCOz - pCOz) 
BIS 'l'tot,B B BIC BIS CSF CSF BIS 

dt VBS 

dP~~ dC~ls = 
dt a 02 

dPCOz dCco2 
BIS BIS ---

dt (X.COz 

Gas concentrations and partial pressures in brain intracellular compartment 

are solved as below: 

dc Oz DOz (pOz p02 ) MOz 
~ _ B BIS - BIC - B 

dt VBC 

dP~~ = dC~lc 
dt ao2 

Cerebral autoregulation is determined as below: 
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QcAo=12.5(1+ ltco )-0.6] ' 1 + e -0.06 P81g 2 -54.0 
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Chapter 8 

Appendix B 

Model parameters and their values used for the current study. 

Mitral Valve (RM) 0.007 Pulmonary Arterial 0.035 
Vasoelastic (RTPA) 

Aortic valve (RAo,p) 0.005 Pulmonary Arteriolar (RPA) 0.01 

Coronary (RcoR) 35 Pulmonary Shunt (RPs) 4.0 

Cerebral (RcRs) 16 Pulmonary Capillary (Rpc) 0.08 

Distal Aortic (RAo,d) 0.015 Pulmonary Venous (Rpv) 0.008 

Aortic Vasoelastic (RTAo) 0.051 LA influx (RLA) 0.01 

Distal Aortic Vasoelastic 0.0125 Neck Arterial (RNA) 0.8 
(RTAO,d) 

Systemic Arterial (RsA) 0.015 Cerebral Arterial (RcA) 1.8 

Distal Systemic Arterial 0.35 Cerebral Capillary (Rcc) 2.8 
{RsA,d} 

Systemic Capillary (Rsc) 0.4 Cerebral Venous (Rev) 1.2 

Systemic Venules (Rsvt) 0.2 Jugular Venous (RJv) 0.5 

Systemic Veins (Rsv) 0.2 CSF Generation (RF) 7500 

Vena Cava (Rvc) 0.026 CSF Absorption (Ro) 511.6 



-------------

RA influx (RRA) 0.01 Distal Lymphatic (RLYM,d) 10 

Tricuspid (RTc) 0.0028 Proximal Lymphatic (RLvM,p) 10 

Pulmonary Valve (RPA,p) 0.002 Filtration (R1c) 1.0 

Distal Pulmonary Arterial 0.002 
(RPA,d) 
Table 8.1: Model Resistance Parameters (mmHg.secfml) 

Aortic (CAo,p) 2.4 Distal Pulmonary Arterial 
(CPA,d) 

Distal Aortic (CAo,d) 0.43 Pulmonary Arteriolar (CPA) 

Systemic Arterial (CsA) 0.092 Pulmonary Capillary (Cpc) 

Distal Systemic Arterial 0.069 Pulmonary Venous (CPv) 
(CsA,d) 

Systemic Capillary (Csc) 0.8 Neck Arterial (CNA) 

Systemic Venular (CsvL) 0.6 Cerebral Arterial (CCA) 

Systemic Venous (Csv) 37.5 Cerebral Capillary (Ccc) 

Vena Cava (Cvc) 4.0 CerebralVenous(Ccr) 

Pulmonary Arterial (CPA,p) 0.69 Systemic Lympatic (CLYM) 

Table 8.2: Model Compliance Parameters (mlfmmHg) 

Aortic (LAo,p) 0.0055 

Distal Aortic (LAo,d) 0.0031 

Pulmonary Arterial (LPA) 0.00008 

Table 8.3: Model Inertance Parameters (mlfmmHgfsec2) 

PTM,max 31.379 mmHg 0.1 fml 

1mmHg 0.1 fml 

O.SmmHg 0.025 fml 

2mmHg 0.01 fml 

0.64 

6.0 

2.1 

7.3 

0.16 

0.12 

0.22 

1.0 

10 
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PRA,O 1mmHg A.sPT 0.05 /ml 

PsPT,o 1.11 mmHg APERI 0.005 fml 

PLv,o 2mmHg Rsa -10.869553 mmHg.secfml 

PATM02 153.12 mmHg RvAM 1360 ml 

PATMC02 0.30mmHg RR 0.000735 mmHg.secfml 

PPLA 0.4mmHg Rsm 2.201863 mmHg.secfml 

PLOFF -0.5mmHg Rsc 0.2 mmHg.secfml 

PLs 0.001mmHg Cc 660mlfmmHg 

Ps 760mmHg a(Fcon) >1 

VLA,d 7ml K1 0.003 mmHg.secfml 

VRA,d 3 ml K2 0.3 mmHg .sec2/ml2 

VLA,O 40ml K3 0.00021 mmHg.secfml 

VRA,O 30ml Kvc1 8.0mmHg 

VsPT,d Oml Kvc2 0.05mmHg 

VLv,d 1 ml Kmyo 1.64e-2 ml 02/ml blood 

VRv,d 3ml Kr 1.2 

VsPT.o Oml K. 0.11 ml-1 

VLv,o 1 ml KF 0.033 mlfmmHg.sec 

VRv,o 3ml Kaut 9.0ml/mmHg 

VPERI,O 200ml CHco3 2.45e-5 

VPERI 6ml 'taut 40 sec 

Vc,max 185.46 ml Tbody 310.16 K 

VcTERM 40ml Ts 273.16 K 

V* 5000ml ao2 3e-5 mmHg-1 

Vo 150ml aco2 6.68e-4 mmHg-1 

Vvc,max 400ml MT02 3.33 mlfs 

Vvc.min 50ml MTC02 2.83 ml/s 

Vvc,o 130ml Ms02 0.77 mlfsec 

Vsc 1150 ml Msc02 0.50 mlfsec 
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Vss 210 ml Ds0z 0.38 mljmmHg.sec 

ELA,ES 2.5 mmHgjml Dsc0z 3.33 mljmmHg.sec 

ERA,ES 0.34 mmHg/ml DMEM02 0.67 ml/mmHg.sec 

EsPT,Es 40 mmHg/ml DMEMc0z 13.33 ml/mmHg.sec 

ELv,Es 3.5 mmHgjml DcsF0z 0.67 mljmmHg.sec 

ERv,Es 0.34 mmHg/ml DcsFc0z 13.33 mljmmHg.sec 

Table 8.4: Additional Model Parameters 


