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Hemodynamics of Myocardial Infarction in Rodents

When using invasive methods to measure hemodynamic parameters in rodents, most researchers studying 
chronic myocardial infarct are using permanent suture-induced descending coronary artery occlusion. Usually, 
they perform the Pressure-Volume (PV) Catheter study at 4 weeks (28 days) post-MI (3, 4, 8). Some researchers 
extend the artery occlusion study time another 2 weeks (1, 2) to study the effect of chronic heart failure/animal 
survival.

Cardiac remodeling at 28 days after the onset of MI is characterized by the structural changes of the LV 
having impact on whole heart, such as infarcted regional-wall thinning, chamber dilatation, and hypertrophy 
in the viable region. The severity of these changes are based on position of occlusion (1, 3, 7). Signs of early 
post-infarction remodeling taking place in a mouse heart are described in the table below. Due to strain-
dependency and genetic background of animals and also, with the position of coronary artery occlusion, the 
post-MI mortality varies. For more information on factors related to MI models including cellular and genetic 
influence please see “Translational Physiology of Myocardial Infarction” on page 6. 
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function

*Post-infarction stages in mouse based on work of Shioura et. al. (1)

When cardiac hemodynamics are measured by PV catheterization at 4 weeks post-MI, the load dependent 
parameters of cardiac function (e.g. SV, SW, CO, EF, dP/dt max/min, Tau) are reduced as compared to intact 
animals (1). At the same time, compensatory hypertrophy of surviving myocardium occurs roughly up until 6 
weeks post-MI, after which decompensation occurs. LV decompensation is marked by a significant decrease of 
developed pressure, strikingly reduced SV, SW and CO and development of diastolic dysfunction. A noticeable 
negative outcome of diastolic dysfunction is seen in the rise in end-diastolic pressure (EDP). It is also common 
for the left atrial and pulmonary venous pressures to elevate leading to pulmonary congestion and edema.

ComPAring mAjor SyStoliC And diAStoliC loAd indePendent indiCeS (Control VS. PoSt-mi)
Systolic properties are characterized by the load-independent End Systolic Pressure-Volume Relationship 
(ESPVR) which is composed of the slope or end systolic elastance (Ees), and the volume axis intercept (V0). 
ESPVR can be characterized by either the quadratic or the linear equation. Generally, ESPVR is assumed to 
be influenced by afterload impedance (9), and when analyzed over wider ranges of contractile states, it was 
found to be non-linear (10) and the volume axis intercept is better estimated using quadratic rather than 
linear equation (11). For this reason when ESPVR (systolic functional contractility parameter) in rodents post-
MI is compared to a control group, a simple t-test cannot be applied as it fails to account for covariance and 
statistical interdependence between Ees and V0. Therefore, it is best to report changes occurring in volume 
axis intercept (V0) and slope (Ees). To compare post-MI and control 
groups, analysis of covariance (ANCOVA) with dummy variable should 
be instituted (12). For further discussion of ESPVR comparison of 
groups see Burkhoff et. al. 2005 (13).

Technical Note: RPV-14-tn
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Hemodynamics of Myocardial Infarction Cont.

Diastolic properties are characterized by the load-independent 
End Diastolic Pressure-Volume Relationship (EDPVR). EDPVR is 
characterized by a non-linear curve fit of the change of ventricular 
pressure relative to change in ventricular volume (dP/dV). Post-
MI changes characterized by an increase of collagen formation 
and scar cross-linking and shrinkage (see table) greatly influences 
final myocardial PV properties thus the position of the EDPVR . 
Slope of this relationship is called beta, also termed as chamber 
stiffness constant. When comparing EDPVR relationship post-MI one 
approach is to linearize it and use linear regression analysis with 
dummy variables or ANCOVA similar to ESPVR (12, 13). 

As load independent parameters are measured, using pre-load 
reduction by temporary occlusion of inferior vena cava (IVC), a 
rightward shift of PV loops is observed. As a good internal control, 
it is imperative to select for analysis only those samples of IVC 
occlusion that were performed by similar technique including 
method of occlusion and vena cava location of preload reduction. 
Additionally, parameter such as ESPVR, EDPVR, time varying 
elastance (Emax), PRSW, dP/dtmax vs. EDV are all declining post-MI. 
PRSW (SW vs. EDV) deterioration reveals changes in systolic function 
independent of chamber geometry. Time-varying elastance indicates 
the LV chamber adjustments leading to decrease of compliance, 
defined by the proportionality between intraventricular pressure 
and volume. Left ventricular end-systolic elastance / effective arterial 
elastance increases at 4 weeks post MI indicating a worsening of this 
coupling ratio. 

Using Admittance technique to assess load dependent and 
independent parameters in post-MI injured rodent heart has 
several distinct advantages over the traditional conductance 
method. There is no need for volume calibration of the catheter or 
hypertonic saline injection for parallel conductance determination 
with Admittance which saves time and reduces sources of error (6). 
By using Admittance method in rodent post-MI, an appropriate 
correction of the parallel conductance of injured cardiac muscle is 
achieved in real-time based on blood conductance calibrated to end 
systolic and end diastolic blood conductance and aortic flow. This 
occurs instantaneously while discarding the injured muscle parallel 
conductance (6). Admittance is also more insensitive to the impact of 
changes in heart geometry which may occur as a result of MI due to 
the ability to place the catheter in the center of the LV using Phase 
and Magnitude signals (5). See the PV Catheter Positioning Guide for 
placement methodology. Unguided conductance catheters can end 
up off-centered which gives inaccurate results (5).

representative drawing of load-independent PV 
loops post-iVC occlusion at (A) beginning of study 
(control) and (B) at 4 weeks post-mi. At 4 weeks 
post-mi the purple PV loops shows characteristic 
rightward shift with decreased slope of eSPVr. 
eSPVr is progressively worsening and continues 
to decline with time following mi. lV chamber 
remodelling post-mi leads to increased stiffness 
with decreased preload capacity during diastole 
as seen in changes to the edPVr. the rise of edP 
at 4 weeks post-mi leads to increased effort of lV 
muscle against which heart has to work during 
the filling phase. Additionally, rodents with healed 
infarcts operate at higher edV at 6-10 weeks mi 
post as compared to healthy hearts. 

A

B
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Translational Physiology of Myocardial Infarction 

The main aspect of post-myocardial infarct/infarction (MI) research is to mimic conditions that lead to the 
development of myocardial ischemia. MI indicates irreversible myocardial injury resulting in necrosis of a 
significant portion of myocardium. Human clinical MI may be either of the non-reperfusion type, if the 
obstruction to blood flow is permanent, or the reperfusion type, if the obstruction is reversed after myocardial 
cell death. The infarct-affected areas are limited by distribution of the occluded vessel(s). In humans, the left 
main coronary artery occlusion generally results in a large antero-lateral and septum infarct, whereas occlusion 
of the left anterior descending coronary artery causes necrosis limited to the anterior wall. Hospital post-
mortem findings in most cases reveal an acute thrombus overlying an atherosclerotic plaque in the coronary 
arteries. In these examples of vascular distribution, recreating this instance in animal research models has 
proved challenging due to the limitations caused by the fundamental difference between human and rodent 
cardiovascular physiology, carotid artery disease (CAD), and cellular and genetic makeup. Additionally, in the 
human population there is a known genetic polymorphism involving pathways of lipids, coagulation, and the 
renin-angiotensin system which does not currently have a known rodent analog. 

CreAtion of rodent mi model
The natural development of MI stems from atherosclerosis (athero-gruel/sclerosis-hardening) plaque growth 
which occludes blood flow or suddenly ruptures. There is, however, difficulty in re-creating plaque growth 
in animal models which consistently leads to MI. Several diet supplementation methods have been used to 
simulate this natural disease progression. First, feeding cholesterol-rich diet can lead to chronic narrowing of 
coronary arteries and hypercholesterolemia, making them vulnerable to plaque buildup and thrombosis (1). 
Additionally, using mice lacking apoE-/- and LDLr-/- in combination with a high fat diet accelerates disease 
progression (2). While very similar to the natural mechanism, these methods are difficult to replicate due to 
the inherent variability of plaque behavior. One of the complexities to studying vulnerable plaques is that 
they do not produce a significant stenosis before they rupture and cause an acute MI. Additionally, some 
of the vulnerable plaques are short-lived and might resolve spontaneously. This plaque behavior makes its 
development hard to detect or track. Finally, it can be very complex to control the location or extent of 
MI when it occurs. Due to these difficulties with animal model disease-like-state recreation, interventional 
(surgery) models are often used.

There are two main interventional methods of MI induction in rodents, vascular occlusion and cryoinjury. 
Vascular occlusion can be used to either fully, partially or temporary restrict blood flow though a coronary 
artery. In rodents there are temporary occluders such as hanging weights (3), and different methods of 
permanent or temporary suture ligation (1, 4). There are also other methods for occlusion of coronary arteries 
mostly in large animals including: occluders (U-shaped, ring-shaped, ameroid constrictors), balloon inflation in 
coronary artery. 

Currently the preferred method of introduction of MI in rodents is permanent suture ligation of the left 
descending coronary artery. The advantage of using permanent occlusion is that it mimics the behavior of 
a complete plaque blockage by inducing hypoxia and ischemia. It is important to note that rodent coronary 
arteries have different locations and branching patterns as compared to human coronary arteries (5, 6, and 
7). For example, rats do not have the circumflex artery (8), therefore, the proximal region of the left coronary 
artery gives origin to the septal branch and to the branch that corresponds to the circumflex artery (9). 

An alternative method to occlusion is creation of infarction by freeze-thaw injury (10) or cryoinjury (11, 12). 
This method allows for a specific region of tissue to be damaged unconstrained of coronary artery physiology. 
While this method has good reproducibility, it is less physiologically relevant as it causes tissue injury by 
different mechanism(s). This in turn impacts the response to infarct as seen by the delayed remodeling as 
compared to occlusion induced infarcts (12). Since a capable trained 
rodent surgeon is able to create permanent suture ligations with 
high reproducibility, using freeze-thaw or cryoinjury methods as MI 
induction model requires careful consideration for its translation and 
should be subjected to careful scrutiny before the project begins. 
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Translational Physiology of Myocardial Infarct Cont.

A common downside to artificially induced rodent myocardial infarcts is its relative low-emergence of other 
clinical symptoms associated with heart failure (pulmonary congestion, chest tightness, dyspnea, cachexia, ST-
elevation myocardial infarction (STEMI) and non ST-elevation infarction (non-STEMI)). Additionally, there are 
a lack of rodent observational studies that pay specific attention to morbidity and mortality post-MI resulting 
from arrhythmias, cardiac rupture, heart failure, valve insufficiency, and embolization. As these comorbidities 
have the potential to alter the type, timing or extent of physiological responses, many rodent models are 
inherently limited in their clinical pathophysiology-translational bench-to bedside value.

CellulAr And genetiC influenCeS
The heart’s response to stresses such as MI is influenced, in part, by cellular phenotypic composition and 
genetics. For example, an adult mouse heart consists of approximately 45% non-cardiomyocytes and 55% 
cardiomyocytes, whereas adult rat and human hearts consists of around 70% of non-cardiomyocytes and 
30% of cardiomyocytes (13). More studies are necessary to better characterize the two major cell types and 
their roles, including their intercellular interactions, during and post-MI. Without this knowledge it is very 
challenging to determine if and, to what extent heart, cellular composition affects cardiac behavior.

Genetic variations within species also factor into cardiovascular behavior as seen by strain-dependent 
difference in mortality rates. In a study by Liu et. al. the mortality of Sprague-Dawley rats was 36%, whereas 
in Lewis inbred rats it was significantly lower at 16% (14). Mice mortality associated with MI induction ranges 
from 37–50% (15). Furthermore, when different genetic backgrounds of mice were studied post-MI the highest 
incidence of post-MI infarct rupture, which typically occurred at 3–6 days post-MI, was in 129S6 mice (62%), 
followed by C57Bl6 (36%), FVB (29%), Swiss (23%), and BalbC (5%) (16). This incidence of high infarct rupture in 
129S6 strain mice was associated with highest systolic blood pressure and presence of inflammation in the area. 
It must then be determined if those responses (high BP and inflammation) are physiologically accurate. Once 
the importance and relevance of genetically controlled comorbities are determined, they aid in choosing an 
appropriate translational model.

DISEASE RESPONSE BEHAVIOR
Equally important in mimicing a post-MI condition is having a meaningful biological response. In case of 
arrhythmias originating from post myocardial injury, there are differences between rodents and humans due 
to the dissimilar locations of major cardiac electrical axis. Different apoptosis progression, heart rate, and 
activity of various ionic channels also play a role in arrhythmias (17). However, the rat animal model can be 
ideal as compared to human in the assessment of various therapeutic interventions addressing arrhythmias due 
to a high frequency of ischemic ventricular arrhythmias in a repetitive, self-terminating manner (18).

Myocardial infarct size and LV chamber dilation are more pronounced in experimental rodent model systems as 
compared to human infarct. This adds an additional level of complexity to comparing infarct severity between 
species. According to the Killip-Kimball classification of infarct size on LV dysfunction, Class I is for small infarcts 
while Class IV is the most severe (the majority being fatal) with major necrosis involving more than 30% of 
the LV free wall. Similar pre-clinical classification of infarct size or method of correlating rodent infarct to the 
Killip-Kimball system is missing in animal models. This important classification can be incorporated into rodent 
models given the fact that rodent infarcts usually involve a much larger percentage of the cardiac tissue. At 
21 days post-MI, rats with small MI (i.e. 4-30%) have no apparent impairment in baseline hemodynamics or 
peak indices of pumping and pressure generating ability when compared to the sham non-MI rats. Moderate 
MI between (31- 46%) is associated with normal baseline hemodynamics, but reduced peak flow indices and 
developed pressure. Large MI (46% and more) present congestive heart failure, with elevated filling pressures, 
reduced CO, and a minimal capacity to respond to pre- and afterload 
stresses (19). Note: In rodents the same percentage of infarct size 
(30%) which corresponds to severe in humans is classified as small, with 
minimal long term effects.
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Remodeling behavior in rodents has some distinct differences as compared to humans. Post-MI cardiac 
remodelling in rodents is characterized by biventricular remodelling such that myocytes from the LV, RV and 
intra-ventricular septum are elongated to about the same extent, and thickness of septum increases (20). In 
humans, remodeling is centralized to the damaged ventricle.

ConCluSion
The complex and multifaceted process of post myocardial infarct behavior precludes the study of a single 
animal model as being fully representative of the changes occurring in patients. Information combined from 
both large and small animal myocardial infarct models might help unravel key pathophysiological, cellular 
and gene mechanisms and provide the foundation for testing potential therapeutic strategies. Careful 
consideration of an experimental protocol increases its translational value.
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Hemodynamics of Cardiac Tissue Engineering

The heart has unique biomechanical properties. Each ventricular chamber (LV and RV) has a slightly different 
muscular/extracellular matrix (ECM) composition. The cellular composition of the heart also varies between 
species based on the amount of cardiomyocytes vs. supporting cells and on the amount and composition of the 
ECM (13). Studies show that cardiomyocytes behave poorly on man-made ECM surfaces (14). For that reason it 
is important to mimic the native cardiac mechanical environment. 

The function of the supporting ECM is to stop or slow down the remodeling and scar formation process by 
preventing dilation of the heart muscle chambers. Meanwhile, delivered cells replace the dead cardiomyocytes/
supporting cells and integrate with the neighboring cardiac tissue. The supporting ECM should have niches to 
sustain the survival of the delivered cells to facilitate regeneration process. 

The definitive objective of post-MI therapy is to attenuate the remodeling process and regenerate the new 
cardiomyocyte/support cell-based muscle. This can be achieved by a cell delivery system consisting of a 
supporting matrix and suitable cells. Currently, most strategies fail to address all the important factors for 
successful regeneration including: the loss of cardiomyocytes, attacks of inflammatory cells on unprotected 
vulnerable tissue, cell isolation and expansion, immunogenicity of grafted cells or matrix, cell survival, 
biomechanical/electrical coupling properties of the tissue constructs, cytotoxicity levels and degradation 
properties. 

The active mechanical function of cardiac tissue is mostly delivered during systole. If the myocardium is 
replaced by a noncompliant scar tissue, systolic contraction is decreased. At the same time, not only contraction 
but also relaxation (diastole) is affected by the inability to accommodate all of the blood volume inside the 
cavity as the heart chamber stiffens. Using invasive PV hemodynamic assessment within stages of regenerative 
therapy, especially the load-independent parameters and contractility, increases the ability to properly 
measure and compare pathophysiological cardiac function.

As delivered cells have very low retaining capacity, researchers are making a variety of biomaterial scaffolds. 
Biomaterials often exhibit an intrinsic stiffness that may compromise diastolic function. Biodegradation of the 
scaffold material(s) often remains incomplete, adding to the potential problems with diastolic function.

Diastolic dysfunction (DD) is characterized by myocardium that has decreased ability to generate force and is 
unable to accept an adequate volume of blood during diastole at normal diastolic pressure. This results in an 
inability to maintain stroke volume (SV). Degradation of scaffold causes:

• Poor relaxation (impaired lusitropy) 

• Decreased compliance 

DD occurs when these scaffold degradation processes are prolonged, slowed and/or incomplete. DD generally 
depends on the onset, rate and extent of decline of pressure in ventricles and the relationship between 
pressure and volume, stress, or strain during diastole.

PV CHARACTERISTICS OF DD (LV LOAD-DEPENDENT MEASUREMENTS)
Representative PV loops of DD and diastolic failure can be found in “Understanding Lusitropy” on page 19

• LV EDP (end diastolic pressure) is increased with diastolic dysfunction as compared to healthy control. As the 
LV EDP rises left atrial and pulmonary venous pressures rise leading to pulmonary congestion and edema. 

• Depending on the relative changes in SV and EDV, small decrease in EF and CO can be also observed. Because 
SV is decreased, decrease in ventricular SW can be also noticed on PV loop examination. 

• Minimal/maximal rate of LV pressure change (dP/dtmin, dP/dtmax) is decreased.

Technical Note: RPV-15-tn
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PV CHARACTERISTICS OF DD (LV LOAD-INDEPENDENT MEASUREMENTS)
• EDPVR (end diastolic pressure volume 

relationship) represents relation between EDP-
EDV points described by LV PV relationship. 
EDPVR is characterized by initial large increases 
in volume at low pressures. As volume increases 
further past the initial stage, pressure raises 
rapidly while volume increases slow as it 
is restrained by native ECM (e.g. collagen, 
proteoglycans, and glycoproteins). EDPVR 
curve fits are discussed in more depth in the 
publication by Burkhoff from 2005 (15). The 
EDPVR fits a non-linear curve that represents the 
diastolic stiffness (inverse of diastolic compliance) 
having the exponential fit EDP=A*exp (k*EDV), 
where k represents chamber stiffness or diastolic 
stiffness constant. K represents EDPVR slope, 
the change of ventricular pressure relative to a 
change in volume of the ventricular chamber (dP/dV). 

• When a tissue engineered construct is attached to the LV, compliance of the chamber often decreases. This 
overall chamber stiffening leads to a decrease of myocardial relaxation properties called lusitropy. Lusitropy 
is characterized by unwinding of individual sheets of myocardium proceeding into partial or complete 
relaxation. For more about lusitropy please see “Understanding Lusitropy” on page 19. The unique 
lusitropic properties of myocardium change during heart development and aging further challenging tissue 
construct site selection and final implantation.

• Isovolumic relaxation time (IVR) is the time from aortic valve closure to mitral valve opening. During DD, 
IVR might be prolonged. IVR or Tau (isovolumic pressure decay) is caused by uncoupling helically woven 
layers of myocardial fibers (including extracellular matrix) assembled in linked sheets. Myocardial fiber 
arrangement generates unique (heart specific) relaxation patterns which account for observed IVR pressure 
gradient during LV emptying and filling. Therefore, IVR (Tau) will increase post-cardiac patch implantation as 
compared to a non-injured heart. For more information about IVR please see “Understanding Lusitropy” on 
page 19.

• Ventricle elastance (Ees) describes the transmission of mechanical energy from the ventricle into the arterial 
system. Effective arterial elastance (Ea) can be derived from the ratio of ESP to SV (Ea = ESP/SV). A healthy 
arterial system works with maximum coupling efficiency, where Ees/ Ea = 0.3 to 1.3 (16). However, values 
outside of this range have to be thoroughly examined before deemed pathological. This unit-less ratio of 
coupling (Ees/ Ea) increases during diastolic insufficiency since both the systolic and diastolic ventricular 
efficiencies decline while there is an increase in afterload.

representative drawings of edPVr curves. diastolic dysfunction (dd) 
impacts load independent properties of the left ventricle (edPVr) during 
cardiac diastole characterized by the compliance and stiffness. 
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Difficulties and Considerations for Development of Functional Myocardium

Cell SourCe & tyPe

AMOUNT & METHOD OF CELLS TO DELIVER
Some investigators use delivery of isolated stem cells (1-6); others use in vitro-designed tissue equivalents 
(7-10). Cells delivered without a scaffold (intravascular, intracoronary, intramyocardial, transendocardial, 
epicardial) are prone to large losses. Within minutes, 85-90% of cells injected intravascularly are lost, almost all 
cells are trapped in lungs (11) with less than 1% found in heart (12). While larger animal model cell-retention 
rates are usually higher, an optimal delivery method is still elusive. 

Isolated stem cell (derived-cardiomyocytes, skeletal myoblasts, fibroblasts, mesenchymal, adipose stem cells 
etc.) delivered directly to the infarct site have low cell survival and poor cell engraftment, due to a lack of 
functional vasculature at the implant site, inflammation, and constant tissue remodeling (7, 17). 

timing of Cell deliVery
Timing of cell delivery is impacted by animal model/physiology and therapeutic target (limiting scar extension, 
limiting inflammation, improving angiogenesis, vascularization). The best timing of implanted cells delivery is 
still under discussion as all above-mentioned factors that are in play (1,5, 6, 8).

METHOD OF GROWING CELLS
Despite being able to grow functional cardiomyocytes in culture, the re-establishment of a contracting cardiac 
tissue (patch), including cardiac fibroblast and endothelial cells, is still elusive. Cardiac myocytes cultured in 
the standard 2D culture with the presence of growth-promoting medium lean towards de-differentiation 
and are often overgrown by non-myocytes. This has been largely overcome by using 3D culture environment. 
Additionally, the important influence of active or passive forces on cardiac myocyte growth, morphology, 
orientation, gene expression etc. has been demonstrated (7, 17). Substrates with a stiffness very close to that 
of the native adult rat myocardium were found to be favorable for heart cell morphology and function seen by 
cellular elongation, high contractile force and striations development (14).

CATEgoRy TyPE LIMITATIon

Source of cells

Autologous Difficult to harvest in numbers

Allogenic Immunology roadblocks

Xenogeneic Rejections

Syngeneic Cloning, limited translational value

Type of cells

Harvested primary cells Difficult to expand/organ specific

Secondary from 
cryopreserved cell banks

Immunology roadblocks

Adult stem cells Source and type to use

Embryonic stem cells Purification, potential malignancy

Technical Note: RPV-15-tn

http://www.transonic.com


PV Applications

PV Workbook RPV-4-wb Rev A 2014

12

Hemodynamics of Cardiac Tissue Engineering Cont.

tyPe of SCAffold
Most cardiac tissue engineering groups use scaffold proteins (e.g. collagen, gelatin, laminin, matrigel, 
hyaluronic acid (hyaluronan), alginate, and chitosan) or synthetic polymers (e.g. polylactic acid and polyglycolic 
acid) for tissue reconstitution from isolated cells. 

Even the more common scaffolds, such as fibrin gel and matrigel, are far from ideal for cardiac tissue 
engineering. As the gelation rate of fibrin is slow and it lacks sufficient mechanical strength, there is a loss of 
delivered cells and low cell retention during injection. Its breakdown during heart contraction and relaxation is 
another downside along its high innate fibrinolysis rate. In case of matrigel, a biosafety concern exists, as it is 
derived from tumors (17). 

Stabilization of the infarct area is the key concept for scaffold cellular delivery along with cell retention in the 
area. Temperature sensitive hydrogels mixed with variety of pro-angiogenic factors are a promising scaffold 
option (8).

SEEDING & GROWING CELLS ON SCAFFOLD
Tissue engineered cardiac patches (implanted tissue graft seeded with cardiomyocytes) have much less 
compact myocyte bundles as compared to native myocardium with less ability to generate necessary contractile 
force, often with non matured M bands. Core ischemia of the implanted graft seeded with cells often occurs. 
Cardiomyocytes incorporated on or in gelatin meshes form a thick cell layer only on the outside without a 
homogeneous cell distribution. Theoretical nutrient diffusion limit is 100-200 µm, but the limit is lower for 
more specialized cells such as cardiomyocytes (7). Substrate selection is also an important determinant of cell 
phenotypic development (14).

eleCtriCAl CouPling
Despite observing implanted cell endurance and differentiation, mechanical and electrical cell-cell contacts 
between graft-and-host, required for synchronous contractions, are only rarely observed. Scar tissue appears 
to account for this problem by inhibiting contact between grafted cells and host tissue. 

Inability to reproduce propagation of action potential (AP) is another concern. Action potential (current) 
propagates from SA (sinoatrial) pace-making node by intracellular channels (gap junctions). Most cells that are 
injected into the damaged SA node are not retained and might become pro-arrhytmic (18).
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Hemodynamic Assessment in Safety Pharmacology

Safety Pharmacology continues to be a rapidly developing discipline in a regulatory-driven process to generate 
data to inform risk/benefit assessment. In the cardiac field of study the aim of Safety Pharmacology (SP) is to 
characterize the pharmacodynamic/pharmacokinetic (PK/PD) relationship of a drug’s adverse effects in the 
heart and circulation. Unlike toxicology, safety pharmacology includes a regulatory requirement to predict the 
risk of rare lethal events such as torsades de pointes (TdP) syndrome. 

IMPORTANCE OF CARDIAC HEMODYNAMIC ASSESSMENT IN DRUG DISCOVERY AND EVALUATION
As an example of the importance of testing for potential 
adverse cardiovascular effects, in the mid 1990’s the 
antihistamine, terfenadine (Seldane), was withdrawn following 
a growing awareness that the drug could evoke the potentially 
life threatening cardiac syndrome, torsades de pointes (TdP) 
or polymorphic ventricular tachycardia, in otherwise healthy 
patients (1). TdP reaction from this antihistamine only became 
evident after several millions of prescriptions, put many people 
at risk. This incident, and others like it in the late 1980s and 
early 1990s, gave rise to specialization of safety pharmacology, 
which was not previously recognized as very relevant. From 
this came safety testing for cardiovascular impact of non-
cardiovascular drugs consisting of the evaluation of QT interval 
prolongation to screen for TdP liability.

Recent SP approaches using ECG measurements include 
measurements of QT interval as a surrogate biomarker 
of cardiac biopotentials (1, 2, and 9). For example, non-
cardiovascular indicated drugs such as droperidol, lidoflazine, 
and cisapride were removed from market solely based on the 
QT interval. Clinicians are constantly faced with both older and 
newly approved drugs labelled as potentials for TdP. While 
at the same time drugs considered to be safe in non-clinical 
studies may be found to have QT-liability (proarrhythmic risk) in 
early clinical studies (2). Regulatory authorities might ask for scientific rationalization for this incongruity and, 
as long as the safety of subjects in later phase clinical trials is assured, the sponsor may then decide whether to 
continue or terminate the drug development in light of the risks.

TRADITIONAL METHODS OF ASSESSMENT IN PRE-CLINICAL SAFETY PHARMACOLOGY
Cardiac and hemodynamic studies have the potential for significant variation between investigators as the 
ability to detect adverse effects is subjective and sometimes inconsistent. For detecting adverse effects of 
tested (candidate) drug on cardiac contractility, pre-clinical safety pharmacology mostly uses a combination of 
ECG with a pressure catheter to study QA interval compared with LV dP/dt max (Fig 1). This set up allows for 
a two-index comparison of heart contractility to assess the inotropic induction (3, 4 and 5). The QA interval 
covers the period of time of initial depolarization of ventricles (R decline) until the time when the aortic valve 
opens. For the purpose of determining the QA interval, the time between the Q on the ECG and the beginning 
of the upstroke on the arterial blood pressure is used as an indicator of altered LV contractility (Fig. 1). Drugs 
that slow conduction velocity through the heart could prolong the QA, and may have more effect on QA than 
on LV dP/dt max. Theoretically, reduction of blood pressure induced 
by the candidate drug causing reduced arterial stiffness might reduce 
pulse wave propagation and thus QA interval. Moreover, QA captures 
reduced contractility more precisely than compared to increased 
contractility.

SAFETY PHARMACOLOGY GUIDELINES
The S7A: Safety Pharmacology Studies for 
Human Pharmaceuticals guideline for the 
conduct of safety pharmacology evaluations 
recommends using a core battery of studies 
on three vital organ systems (cardiovascular, 
respiratory and central nervous system) 
to assess the potential risks of novel 
pharmaceuticals for human use.

Core Cardiovascular Studies:

• Central arterial pressure

• Heart rate

• Electrocardiogram (ECG)

• Electrophysiology (hERG)

Supplemental Cardiovascular Studies:

• Cardiac output

• Ventricular contractility

• Ventricular resistance

Technical Note: RPV-17-tn

http://www.transonic.com


PV Applications

PV Workbook RPV-4-wb Rev A 2014

15

Hemodynamic Assessment in Safety Pharmacology Cont.

Other safety pharmacologists use the LV dP/dt max-HR relationship 
to determine the force-frequency relationship while singling out 
LV dP/dt max as a measure of pharmacodynamic heart contractility 
endpoint (6). It is important to note that many drugs induce both 
chronotropic and inotropic effects which changes HR along with LV 
dP/dt max and that LV dP/dt max changes with HR. Thus changes to 
contractility must be evaluated based on the corresponding changes 
in heart rate (6). 

Fig. 1: QA interval approximates of the average rate of isovolumic systolic pressure 
development. 
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PV LOOPS IN PRE-CLINICAL SAFETY PHARMACOLOGY
Recently, Conductance and Admittance PV loop technology 
has been used for screening and pharmacologic assessment 
of the inotropic state of the heart (7,8). While this method is 
the gold standard for investigation of cardiac function with 
respect to clinical disease, it is currently not widely used in safety 
pharmacology (7). By using the relationship of pressure and 
volume for interrogation of the LV, safety pharmacologists can 
better determine lusitropic effects of myocardial relaxation that 
cannot be otherwise captured by using two indices comparison 
(e.g. QA interval with LV dP/dt max). Moreover, other important 
parameters of load independent measurements such as ESPVR, 
EDPVR, PRSW, PVA can be determined, strengthening conclusions 
about the tested drug candidate.
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Right Ventricle Pressure-Volume Loops

As hemodynamic assessment techniques progress, RV pathology can be better characterized including 
assessing changes from a healthy to a compensated (hypertrophied) condition and then decompensated 
condition. Cardiac catheterization remains the best method to diagnose pulmonary hypertension, assess 
disease severity, and determine prognosis and response to therapies. By directly measuring pressures and 
volumes, right heart catheterization allows determination of prognostic systolic indices, diastolic indices, 
pulmonary vascular indices and the coupling ratio. For more information about using right ventricular PV loops 
to study pulmonary artery hypertension see: “Pulmonary Artery Hypertension & RV PV Loops” on page 19.

Primarily, RV function may be impaired due to: 

• Primary right side heart disease

• Secondary LV issues 

• Heart valve disease (RV or LV)

• Post-reparative changes from congenital heart disease  
(e.g. Fallot tetralogy, pulmonary stenosis, insufficiency)

• Post-correction of hypoplastic left heart syndrome

• Arterio-caval shunt (increased afterload)

RV dysfunction may affect LV function by:

• Limiting LV preload

• Systolic and diastolic interaction through intra-ventricular 
septum 

• Pericardium ventricular interdependence by constraints of 
heart pericardium post-inflammation 

METHODS FOR ASSESSING RV HEMODYNAMICS
Non-Invasive Methods:

• Echocardiography (2D or 3D)

• Tissue Doppler imaging (TDI)

• Magnetic resonance imaging (MRI)

• Computed (large animals) or Micro-computed (rodents) 
Tomography; CT or micro-CT

Invasive Methods:

• Virtual pressure-volume loops (MRI and Pressure)

• Catheter measurement of pulmonary artery pressure (PAP), 
Right ventricular (RVP) and right atrial pressures (RAP).

• Pressure Catheter combined with Perivascular Flowprobe

• Right ventricle pressure volume (RV-PV) loops  
(Pressure-volume catheter)

the anatomical and physiological characteristics of a typical 
right ventricle is complex. Compared to the ellipsoidal lV 
shape, the RV appears triangular when viewed from the side 
and crescent shaped when viewed in cross section (above). 
The RV shape is also influenced by the position of the inter-
ventricular septum. under normal loading and electrical 
conditions, the septum is concave toward the LV in both 
systole and diastole. rV has different genetic composition as 
compared to the LV, making it vulnerable when hypertrophied 
due to its septomarginal muscular band, which can divide 
the ventricle into 2 chambers (double-chambered RV). 
Additionally, the volume of the RV is larger than the volume 
of the LV, whereas RV mass is approximately one sixth that 
of the lV. this allows better accommodation of volume but 
not pressure. A sudden increase in RV pressure is deadly, as 
compared to a slow afterload increase since rV adaptation 
occurs at a slower pace. 

Figure from Champion HC, et. al. “Comprehensive Invasive 
and Noninvasive Approach to the Right Ventricle–Pulmonary 
Circulation Unit: state of the art and clinical and research 
implications.” Circulation. 2009 Sep 15;120(11):992-1007
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Right Ventricle Pressure-Volume Loops Cont.

METHODS FOR ASSESSING RV HEMODYNAMICS CONT.
Each method has advantages and limitations so it 
is important to consider what parameters are of 
interest, study methodology requirements, equipment 
requirements and cost, measurement time, difficulty 
and repeatability. For a comparison between 
Echocardiography, PV Catheterization, CT and MRI see 
“Introduction: Cardiac Volume Measurement Methods” 
on page 2.

Note: Major difficulties of basic RV 2D echocardio-
graphy as compared to the basic LV 2D echo include:

• Inadequate formula to characterize RV volume 
based on the RV shape. Current formulas specific 
to the LV.

• As the RV has thinner walls and chamber has more 
trabeculations as compared to the LV, it is more 
complex to echocardiographically characterize it. 

• An acoustic barrier is created by its retrosternal 
position.

RIGHT VENTRICLE PRESSURE-VOLUME LOOP 
CHARACTERISTICS AS COMPARED TO THE LEFT 
VentriCle
• EDPVR of the RV is characterized by its high 

compliance (compliance is increased) as compared to 
LV. 

• At any given end-diastolic volume (EDV) the RV end-
diastolic pressure (EDP) is lower, making the final 
EDPVR shallower as compared to the LV. 

• Ejection of blood into the highly compliant, low-
resistance pulmonary circulation results in better 
coupling (Ees/Ea). 

• Normal RV generates less than 20% of the stroke 
work (SW) of the LV while moving the same volume 
of blood. Compared to LV, a much lower proportion 
of RV SW goes to pressure generation as compared 
to LV. 

Pressure-Volume loops during iVC occlusion. images are taken from the 
same pig heart. Dark green PV loops represent RV, while light green are 
lV PV loops post-iVC occlusion. 

Pressure-Volume loops during steady state recording. images are taken 
from the same sheep heart. dark green PV loops represent rV steady 
state, while light green are LV PV loops. 
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Right Ventricle Pressure-Volume Loops Cont.

RV InDICES In MICE (Tabima et. al. 2010)

InDICES HEALTHy RV HyPERTRoPHIED RV foRMuLA

Heart rate (HR) 611 ± 31 bpm 636 ± 31 bpm

RV Systolic pressure 27 ± 3 mmHg 45 ± 17 mmHg

RV Diastolic pressure 1.4 ± 0.9 mmHg 2.7 ± 1.4 mmHg

RV Stroke work (SW) 386 ± 76 mmHg*µL 926 ± 265 mmHg*µL SV*MAP

RV Cardiac output (CO) 8.5 ± 2.3 ml/min 5.2 ± 2.6 ml/min SV*HR

RV Stroke volume (SV) 13.9 µL 8.2 µL CO/HR (EDV-ESV)

Ejection Fraction (EF) 51 ± 11% 28 ± 13% SV/EDV*100

Mean Arterial pressure (MAP) 27.8 mmHg 112.9 mmHg SW/SV

dP/dtmax 2522 ± 660 mmHg/s 3164 ± 826 mmHg

dP/dtmax - end-diastolic volume 84 ± 17 mmHg/s/µL 177 ± 93 mmHg/s/µL dP/dtmax vs. EDV

dP/dtmin -1971 ± 499 mmHg/s -3009 ± 1120 mmHg/s

Preload recruitable stoke work (PRSW) 20.9 ± 5.6 mmHg 33.9 ± 5.9 mmHg SW vs. EDV

Ventricular end-systolic elastance (Ees) 1.8 ± 0.5 mmHg/µL 2.4 ± 0.2 mmHg/µL ESP/ESV

Effective arterial elastance (Ea) 2.7 ± 1.2 mmHg/µL 16.4 ± 2.5 mmHg/µL ESP/SV

Coupling ratio: Ees/Ea 0.71 ± 0.27 Optimal > 0.5 0.35 ± 0.17 Uncoupled < 0.5 SV/ESV
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RIGHT VENTRICLE PRESSURE-VOLUME LOOP CHARACTERISTICS AS COMPARED TO THE LEFT VENTRICLE CONT.
• The RV accommodates dramatic variations in venous return resulting from changes in volume status, 

position, and respiration while maintaining more or less constant cardiac output (CO). In part this is because 
the thin RV is easily distensible, but to a larger extent it is a direct result of RV geometry. Like the LV, the RV 
utilize the Frank-Starling mechanism to increase SW as a consequence of an increase in RV stretch, but much 
larger changes in RV volume are needed before the Frank-Starling mechanism is engaged.

• The RV coronary perfusion pattern significantly differs from that of the LV. Because tissue pressure in the LV 
rises during systole to systemic levels, coronary perfusion of the LV is largely confined to the diastolic interval. 
Tissue pressure in the RV does not normally exceed aortic root systolic pressure, permitting continued 
coronary flow throughout the cardiac cycle. Thus, under typical hemodynamic conditions, coronary flow to 
the RV is roughly balanced between systolic and diastolic time periods.

Technical Note: RPV-11-tn
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PULMONARY HYPERTENSION AND RIGHT VENTRICLE REMODELING
The pulmonary circulation has shorter arteries and veins, more distensible (high compliant and low resistant) 
large arteries, and a larger number of peripheral arteries as compared to the systemic circulation. This leads to 
RV afterload being significantly lower than LV afterload and matching ventricular-vascular coupling. Pulmonary 
hypertension (PH) is diagnosed when mean pressure in the pulmonary artery increases over a threshold. 
Pulmonary artery hypertension (PAH) is a subtype of PH classification defined as a mean pulmonary artery 
pressure (PAP) greater than 25 mmHg with peak pressure greater than 33 mmHg at rest or mean PAP greater 
than 30 mmHg during exercise (1, 19). Other clinically distinct PH causes include: PH owing to the left heart 
disease, PH owing to lung disease or hypoxia, and chronic thromboembolic PH (CTEPH). 

PAH is important subtype of PH as it originates when pulmonary arteries muscularize while its vascular 
media hypertrophies, leading to a progressive narrowing of the arterial lumen. It is a syndrome in which 
obstruction of pulmonary arteries increases pulmonary vascular resistance (PVR) leading to right ventricular 
(RV) hypertrophy (20). Its etiology is not completely understood at this time, as multiple factors are involved. 
Vascular pathology changes induced by PH are characterized by intimal thickening and fibrosis, medial 
hypertrophy, muscularization of previously non-muscularized arteries, adventitial proliferation and increased 
extracellular matrix (ECM) deposition (8). PAH is responsible for proximal pulmonary artery stiffening (changes 
of PA pulsatility, compliance, capacitance, distensibility, elastic modulus, and pressure-independent stiffness 
index beta) (2) and RV dysfunction (18). RV has to accommodate (the compensatory changes) an increased 
afterload due to the PA pressure elevation or it will fail.

Experimental models of pulmonary hypertension include direct damage of pulmonary endothelial cells (EC) 
by monocrotalin, alpha-napthyltiourea, microspheres, Angiopoetin-1, or Bleomycin, and subsequent EC and 
vascular smooth muscle cells proliferation in the area (19). In this context, RV autoregulation changes promote 
a temporary increase in RV contractility. During this condition, elevated wall stresses develop in the RV lateral 
free wall (4) and outflow tract (5). Increased wall stresses from increased mean pressure in the PA and increased 
pulmonary vascular resistance (PVR) further stimulate RV hypertrophy (5) and RV free wall fibrosis (6). 

Fig. 1: Pressure trace in pig pulmonary artery during hypertension. Peak pressure is over 35 mmHg at rest. 
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Fig. 3: Representative drawing of RV PV loops post PAH. A) Represents situation of PAH where temporary increase of pressure in the PA (increase of 
after-load) can be detected in the rV PV loop without volume changes. B) represents compensatory changes of rV (increase of after-load) 
where both pressure and volumes changes during PAH. C) Represents failing RV as chamber dilates which is marked by decrease of stroke 
work, cardiac output and ejection fraction and other key parameters. 

A B C

Fig. 2: A) Intact Rigth Ventricle B) PAH compensatory changes are responsible for RV free wall hyperthrophy which temporarily protects RV cardiac 
output and stroke volume. Heart rate might temporarily increase. RV afterload increases without significant volume changes (Fig. 3A). As PAH 
progresses changes in RV chamber volume occur (Fig. 3B) C) Right Ventricle dilates and fails, decrease in stroke work, stroke volume, cardiac 
output, and ejection fraction (Fig. 3C). Figures from Champion HC, et. al. Comprehensive Invasive and Noninvasive Approach to the Right 
Ventricle–Pulmonary Circulation Unit: state of the art and clinical and research implications. Circulation. 2009 Sep 15;120(11):992-1007

A B C

ASSESSMENT OF RIGHT VENTRICLE POST PAH USING RV PV LOOPS
Based on experimental data obtained from mouse RV pressure-volume study of PAH injury, models of the 
ventricular mechanics showed increasing RV afterload while effectively putting strain on the RV. The models 
show that vascular resistance, arterial elastance and arterial narrowing all play important roles in final RV 
remodeling (21). 

ASSESSMENT OF RIGHT VENTRICLE POST PAH USING RV PV LOOPS CONT.
In the mouse, the onset of PAH is characterized by significant RV ESP increase. During early PAH the right 
ventricle increases its efficiency during systole to meet an increasing afterload, but as PAH progresses, its work 
efficiency plateaus (Fig. 3A) (22). During diastole RV EDV increases, suggesting a larger RV compliance, but in 
fact, as RV EDP increases, it also makes the RV chamber stiffer in diastole and that is most likely a consequence 
of RV wall stiffening (22). Because increased RV EDV is a strong predictor of mortality in PAH (7) detection of 
changes using pressure-volume measurements are very important.

Since the mechanism(s) and factors involved in the transition from 
an adaptive hypertrophy to maladaptive remodelling are currently 
unknown, a comprehensive study of RV hemodynamics is valuable. 
More research is underway to assess RV hemodynamics, energy 
balance, LV-RV dysynchrony and other possible mechanisms leading to 
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this progressive RV failure and multiple studies in recent years used RV PV loops in their pulmonary hypertension 
research (9-17). For an excellent in-depth review of in-vivo measurements and detection of stiffening of the PA 
influencing the RV hemodynamics in clinical, large animal and small animal setting, please refer to an article by 
Chesler & Tian (18).

Historically, RV mass measured by non-invasive magnetic resonance imaging has been used as an indication of 
RV dysfunction due to PAH. This method, however, is not considered a strong predictor of mortality, and for this 
reason, this finding cannot be fully translated into the clinic (7). This disconnect between mass and mortality is 
possibly due to an adaptive remodelling, known also as a concentric hypertrophy without dilation happening in 
the RV post PAH. This leads to more longitudinal monitoring of RV pressure and volume during PAH. 

One of the first uses of 5F and 6F Conductance Catheters was described by Dickstein et. al. in 1995. This 
group measured volume in the RV and correlated data to flow derived volumes measured by 16 mm Transonic 
Flowprobe placed on the pulmonary artery (3). The advances of Admittance technology reduces the geometric 
dependence of PV measurements and has allowed for right ventricular pressure-volume measurements to be 
more precise (15, 16). 
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