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LIST OF ABBREVIATIONS 

cMRI  - cardiac magnetic resonance imaging 

CO  - cardiac output 

CS  - circumferential strain 

EF  - ejection fraction 

hPAH  - heritable pulmonary arterial hypertension 

IV  - interventricular 

IQR  - interquartile range 

LS  - longitudinal strain 

LV  - left ventricle 

LVEDV - left ventricular end diastolic volume 

MCT  - monocrotaline 

mPAP  - mean pulmonary artery pressure 

PAAT  - pulmonary artery acceleration time 

PAH  - pulmonary arterial hypertension 

PASP  - pulmonary artery systolic pressure 

PAWP  - pulmonary artery wedge pressure 

PH  - pulmonary hypertension 

PVR  - pulmonary vascular resistance 

RAP  - right atrial pressure 

RH  - right heart 

RHC  - right heart catheterisation 

RS  - radial strain 
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RV  - right ventricle 

RVDP  - right ventricular diastolic pressure 

RVEDV - right ventricular end diastolic volume 

RVF  - right ventricular failure 

RVHF  - right ventricular heart failure 

SPAP  - systolic pulmonary artery pressure 

STE  - speckle tracking echocardiography 

WHO  - World Health Organisation 
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SECTION ONE – LITERATURE REVIEW 
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INTRODUCTION 

The function of the right heart (RH) is complex, and traditionally difficult to 

assess in the clinical setting. At the same time, changing functional parameters 

of the right heart are recognised as predictors of mortality in a variety of 

diseases, and are therefore useful in the clinical setting to guide diagnosis and 

management of these conditions.(1) 

Echocardiography is a cost-effective and noninvasive investigation of cardiac 

function, with ongoing technological advances significantly improving the 

usefulness of this imaging modality. Echocardiography has been extensively 

used in the diagnosis and evaluation of pulmonary arterial hypertension (PAH), 

but limitations remain with this imaging technique, especially early in the 

clinical course of the disease. 

Since the development of ultrasonography, many echocardiographic 

parameters of right heart function have been investigated. From these, 

complex derivations as well as scoring systems have also been described in 

an attempt to quantify a decline in-, or abnormalities of right heart function. 

Myocardial deformation analysis using speckle tracking echocardiography 

(STE) has been developed over the past decade as a novel method of 

assessing myocardial function.(2) 

The aim of our study was to assess the changes in circumferential strain (CS) 

of the septal wall of rats with monocrotaline(MCT)-induced pulmonary arterial 

hypertension (PAH). 

PULMONARY ARTERIAL HYPERTENSION 

PAH is defined as mean pulmonary arterial pressures of >20 mmHg at rest, 

and is characterised by increased pulmonary arterial resistance due to 

vascular remodelling.(3)  

Prevalence of the disease is estimated to be between 10 and 52 cases per 

million,(4) although reliable statistics are lacking for sub-Saharan Africa. 
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Progression of pulmonary arterial hypertension results in anatomical, 

mechanical and functional changes in the right heart. Left untreated, 5-year 

survival is only 57%.(5) 

Early diagnosis and treatment is associated with improved outcomes in PAH. 

Non-specific symptoms and subtleties in clinical findings can delay diagnosis 

of the condition.(6) 

PULMONARY ARTERIAL HYPERTENSION IN RODENTS AND ULTRASONOGRAPHY 

Experimental pulmonary hypertension in a rodent model is widely used to 

investigate the pathophysiological process of PAH and right ventricular heart 

failure. The model has proven essential in exploration of new diagnostic and 

therapeutic techniques. Chemically induced PAH in rodents results in typical 

features of right ventricular (RV) failure, which are predictable and 

reproducible.(7) 

Echocardiography is used extensively in the diagnosis and workup of right 

heart pathology, as well as prognostication. Availability of trained operators 

and appropriate equipment has improved across many healthcare settings. 

Nevertheless, imaging of the right heart remains a challenge, and can often 

only be performed by dedicated echocardiology units or highly skilled 

operators. In addition, echocardiography alone is inaccurate in estimating 

pulmonary artery systolic pressures (PASP).(8) 

Advances in technology have allowed novel echocardiographic parameters to 

be developed. More recently, speckle tracking echocardiography has allowed 

strain pattern analysis of the heart and its structures, providing new insights 

into cardiac pathology.(9) 

Strain pattern analysis relies on software which tracks the movement of 

‘speckles’ within the ultrasound image, allowing quantification of the 

deformation of the imaged tissue, such as cardiac muscle. This data is 

presented in various forms, including graphically, allowing for rapid 

identification of abnormal patterns, which may indicate a pathological process. 

Although rodent hearts have been imaged extensively, limited data exists on 

speckle tracking echocardiography and strain pattern analysis of the right 
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heart. No data exists regarding segmental analysis of the septal wall alone in 

RH pathology.(10)  

Limitations and difficulties of transthoracic echocardiography persist, and 

skilled operators are required to obtain unobscured views of the right heart. 

Transthoracic views of the left side of the heart, including the septal wall, are 

far easier to obtain. The left heart is not as obscured by the sternum, and sonic 

windows between ribs allow for relatively easy access to the heart. 

The functional relationship between the left and right heart is complex. The 

term ventricular interdependence (or ventricular coupling) describes the 

phenomenon that alteration in the pressure or filling of one ventricle affects the 

functional characteristics of the other. This phenomenon also leads to 

abnormal septal motion, which is well described by other forms of cardiac 

imaging.(11) 

In rodents, pulmonary arterial acceleration time is a validated ultrasonographic 

measure correlating with the onset and progression of raised pulmonary 

pressures.(2) 

In a recent echocardiography study analysing the entire right heart in rodents 

with experimental pulmonary hypertension, circumferential strain analysis 

showed promise. CS analysis showed good correlation with other, validated 

echocardiographic features of pulmonary hypertension and right ventricular 

heart failure. However, the authors noted that reproducibility and diagnostic 

utility were limited, suggesting that further research be conducted.(10) 

Many of the challenges associated with ultrasonographic assessment of the 

entire right heart are irrelevant if one focuses on the interventricular septal wall 

as a segment. This structure can be imaged consistently through transthoracic 

echocardiographic windows. Strain pattern analysis can be reliably applied, 

without the need to image the entire right heart. 

RESEARCH QUESTION 
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In experimental pulmonary hypertension, does the echocardiographic strain 

pattern of the interventricular septal wall correlate with the development and 

degree of pulmonary hypertension? 

SIGNIFICANCE 

Circumferential strain decrease, if shown to correlate with the presence and 

severity of PAH in rodents, will be significant in allowing relatively 

inexperienced operators to diagnose and stage the disease without the need 

for extensive ultrasonographic imaging. 

LITERATURE REVIEW 

Despite significant advances in many aspects of medicine, pulmonary arterial 

hypertension persists as a devastating disease. The aetiologies are varied, but 

all result in progressive increase in pulmonary vascular resistance through the 

mechanism of progressive occlusive vasculopathy. The disease affects 

individuals of all ages, gender and race, although it is considered a rare 

entity.(12, 13) 

Pulmonary hypertension encompasses a group of diseases characterised by 

a resting mean pulmonary arterial pressure of greater than 25 mmHg. PAH is 

categorised into 1 of 5 groups by the World Health Organisation (WHO), and 

is further subdivided by aetiology.(3, 14) 

The disease is characterised by endothelial dysfunction and inflammation, as 

well as smooth muscle proliferation, leading to increased resistance in the 

pulmonary vasculature. The resultant raised pulmonary pressures leads to 

right heart failure, and eventual death if left untreated.(14) 

PHYSIOLOGY 

The pulmonary trunk arises from the right ventricular outflow tract, divides into 

the left and right pulmonary circulations, which rapidly branch into a large 

network of functional capillaries. These lie adjacent to alveoli (the alveolar 

capillaries) and allow for efficient gaseous exchange, while others lead to and 

from the alveoli and are not involved in gaseous exchange (the extra-alveolar 

capillaries). Corresponding venules drain oxygenated blood into the pulmonary 
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venous system and subsequently into the left side of the heart and systemic 

circulation.(1, 15) 

The pulmonary and systemic circulations lie in series, and therefore total blood 

flow is (almost) equal for both systems. It is theorised that the dual circulation 

is the result of an evolutionary process aimed at protecting the delicate 

gaseous exchange membrane from the high pressures required for organ 

perfusion. Some significant differences exist between these systems.(15) 

In healthy individuals, the pulmonary circulation is a high-flow, low pressure 

system. In contrast to the systemic arterial system, pulmonary vessels are thin-

walled, distensible and compliant, offering minimal resistance to flow and with 

significant redundancy regarding increases in volume. Therefore, increases in 

cardiac output (CO) are easily accommodated by the pulmonary vasculature 

and do not result in raised mPAP in healthy individuals. In higher output states 

such as during exercise, there is significant recruitment and distension of 

arterioles which further accommodates the raised CO. At most, modest 

increases in pressure are seen under these physiological conditions.(1, 16, 17)  

This has also led to ongoing discussion regarding the value of measuring 

pulmonary pressures during exercise as a means of unmasking early onset 

PAH. 

A variation of Ohm’s Law, as well as Poiseuille’s Law, provides the basis for 

understanding the physiological determination of mean pulmonary arterial 

pressure (mPAP), where: 

- mPAP = (right ventricle cardiac output x pulmonary vascular resistance) + 

alveolar occlusion pressure.(1) 

and 

- PVR  = (length . viscosity . 8) / ( . r4) 

= (mPAP – mean left atrial pressure) / (pulmonary blood flow) 

= P/Q 
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These equations are extrapolated to human physiology from physical laws 

describing the laminar, non-pulsatile flow of fluid through non-distensible 

cylindrical tubes under laboratory conditions. Despite limitations due to this 

incongruity, the equations serve to describe pulmonary physiology to a large 

degree.(15) 

The limits of pulmonary vascular pressures are dependent on sex and age. 

Women have a lower cardiac output due to smaller size, and therefore a 

greater pulmonary vascular resistance (PVR). These differences disappear 

once adjusted for age. PAP also increases with increasing age.(16) 

In normal physiology, PVR is determined by, and changes in response to, a 

variety of factors. These include body position in relation to gravity, degree of 

lung distension, transmural lung pressure,  as well as biologically active 

molecules and neurohormonal factors.(1, 15) 

 

Table 1. A non-exhaustive list of some factors influencing pulmonary vascular resistance. 

Taken from Physics, Pharmacology and Physiology for Anaesthetists; ME Cross, EVE 

Plunkett; Cambridge University Press; P 201-238.(2014). PaC02 – partial pressure of carbon 

dioxide; PaO2 – partial pressure of oxygen. 

In addition, there are dynamic mechanical factors which affect PVR at a 

capillary level. During inspiration, enlarging alveoli cause stretching and 

elongation of alveolar capillaries which raise the PVR. At the same time, extra-
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alveolar capillaries are stretched radially with negative transpleural pressures, 

resulting in a decrease in PVR. The converse occurs during expiration.(15) 

Blood viscosity, as well as the pulsatile nature of the flow, add further 

complexity to our understanding of pulmonary haemodynamics.  

If all of these factors are considered, it becomes clear that human physiology 

is more complex than the laws of physics which are used to describe it. 

THE RIGHT HEART 

The right heart is functionally coupled to the pulmonary circulation, and acts 

as a conduit suited to high flow and low pressure circulation. 

It is situated immediately posterior to the sternum, and anatomically divided 

into an inflow tract (sinus), the trabeculated apical myocardium, as well as an 

outflow tract (conus). In cross-section, the right ventricle has a complex 

crescent-shaped geometry, with muscle fibre bundles arranged in interlacing 

spirals, and is triangular in side-view.(18-20) 

The RV myocardium is thin relative to the LV, and itself has 2 distinct muscle 

layers. Those of the external layer are arranged circumferentially, and the inner 

layer are arranged longitudinally. Common, encircling epicardial fibres and a 

shared septal wall create a functional interdependence between the left and 

right ventricles known as ventricular coupling or ventricular 

interdependence.(18, 19) 

Contraction occurs in a peristaltic fashion from the inflow to outflow tract. The 

main component of RV function is due to longitudinal shortening, while 

ventricular coupling may account for up to 40% of the RV function through 

traction of the RV free wall toward the conical septum, creating a bellows 

effect. Circumferential shortening is the third mechanism of RV function.(19) 

As in the LV, the RV function reflects preload, contractility and afterload. 

However, heart rhythm, ventricular synchronicity, valvular pathology, as well 

as the force-interval relationship of the RV also influence function.(20) 

For the purposes of this paper, the effects of afterload on RV function must be 

considered. As mentioned, the right heart-pulmonary circulation system is one 
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of high volume but low pressure. As such, the RV is highly sensitive to changes 

in pressure as manifested by a rapidly decreased output, where stroke volume 

is inversely related to afterload (Figure 1). 

 

Figure 1: Comparative stroke volume responses of the RV and LV to increases in afterload. P 

– pressure in mmHg.(21)  

VENTRICULAR INTERDEPENDENCE 

Ventricular interdependence can broadly be defined as “the forces that are 

transmitted from one ventricle to the other through the myocardium and the 

pericardium, independent of neural, humoral, or circulatory effects”.(22)  

More specifically, this is the concept that the shape, size and compliance of 

each ventricle affects the pressure-volume relationship, shape and size of the 

other. Experimental animal studies show that up to 40% of RV function is 

reliant on this mechanism.(20, 22)  

Further, interdependence can be divided into diastolic and systolic 

components. Diastolic interdependence refers to the lusitropy, or diastolic 

compliance, of one ventricle as being partly dependent on the volume of the 

other. The pericardium plays an important role in this physiological process. 

Systolic interdependence refers to the mutual contribution of contraction of one 

ventricle to the function of the other. In healthy individuals it is predominantly 

the RV which benefits from LV contraction.(19) 

The role of the interventricular septum in ventricular interdependence is 

complex and incompletely understood, but it is known to mediate systolic 
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interdependence. Because of the position between the ventricles, it is key in 

their interaction.(18, 20) 

VOLUME AND PRESSURE OVERLOAD STATES 

The so-called reverse Bernheim effect, where RV pressure and volume 

overload due to atrial-septal defects caused impaired LV function, has been 

described as early as 1957 by Dexter. A leftward shift of the IV septum was 

noted which, he postulated, caused impaired LV filling.(23) 

It has since been well established that these changes do occur, along with 

significant cardiodynamic changes in the septum and LV.(22, 23) 

In right sided volume overloaded states with relatively normal pressures, 

ejection fraction (EF) is preserved and RV end- diastolic volume (RVEDV) is 

increased. The septum is shifted to the left, resulting in impaired LV function 

due to decreased LV end diastolic volume (LVEDV) and EF. 

In pressure overloaded states, there is also increased RVEDV and decreased 

EF, with a decrease in septal stiffness but an increase in RV free wall stiffness. 

These abnormal states result in inhomogeneous and asynchronous 

contraction of the RV, particularly since increased afterload creates prolonged 

contraction.(24)  

There is a progressively impaired interaction between the ventricles, resulting 

in ventricular dis-synchrony and septal wall motion abnormalities as seen on 

cardiac magnetic resonance imaging (cMRI), as well as other modalities.(25)  

Septal position shifts progressively to the left heart, initially flattening and 

thereafter bowing into the left ventricle as volume and pressure in the RV 

increase. Secondly, dynamic septal movement becomes abnormal during the 

cardiac cycle. 

BLOOD SUPPLY 

Blood supply varies, with approximately 80% of the population having right-

dominant supply where most of the RV is supplied by the right coronary artery. 

The posterior wall is supplied by the posterior descending artery, and the 
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anteroseptal region by the left anterior descending artery. Functionally, 

perfusion of the RV with normal pressures occurs during both systole and 

diastole, while more marginal areas, such as the lateral wall, enjoy perfusion 

only during diastole.(19, 20) 

In addition, the RV is considered relatively resistant to ischaemia; this is likely 

due to 3 factors; lower oxygen consumption (due to lower wall tensions), 

increased oxygen extraction, and a more extensive collateral blood supply.(20) 

PULMONARY HYPERTENSION 

Pulmonary hypertension (PH) is a disease of significant concern. Global 

prevalence is estimated to be 1%, rising to 10% of the population of individuals 

over 65 years of age. It affects all age groups and genders, and carries with it 

a significant mortality risk.(26) 

DEFINITION 

PH is a clinical condition defined by a mean resting pulmonary arterial pressure 

(mPAP) of greater than 20 mmHg, measured using right heart catheterisation 

(RHC), whilst supine. PH was previously arbitrarily defined as 25 mmHg at 

rest, but revised during the 6th World Symposium on Pulmonary Hypertension 

in 2019.(3, 27)  

The revision was based on a review of all available right heart catheterisation 

pressure values in healthy individuals.(16) However, the authors stressed that 

an isolated value does not characterise a clinical condition, nor does it describe 

the pathological process.(3) 

CLASSIFICATION 

The term PH encompasses a large group of heterogenous entities, and has 

therefore been subdivided by the WHO into 5 groups based on aetiology and 

clinical features.  

Group 1 is known as pulmonary arterial hypertension (PAH), which is further 

divided into 7 subgroups. PAH is defined by pre-capillary PH, with mPAP 20 

mmHg, pulmonary artery wedge pressure (PAWP) of 15 mmHg, as well as a 
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component of increased pulmonary vascular resistance (PVR) of 3 Wood 

units. The aetiologies vary, but all create conditions of chronically raised PVR 

leading to progressive and severe RV dysfunction and failure.(3, 14) 

Group 2 includes PH with underlying causes due to left heart pathology such 

as valvular lesions and left sided cardiac failure. This, in turn, leads to 

increased left atrial pressures and isolated post-capillary PH (although a 

combination of pre- and post-capillary can occur).(3, 21) 

 

Table 1: Updated clinical classification of pulmonary hypertension from the 6th World 

Symposium on Pulmonary Hypertension in 2019.(3) 

Group 3 is PH due to pulmonary pathology such as chronic obstructive 

pulmonary disease (COPD), interstitial lung disease (ILD), or conditions which 
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lead to hypoxia, such as obstructive sleep apnoea. Destruction of lung 

parenchyma, persistent or repeated pulmonary vasoconstriction, and vessel 

de-recruitment create pre-capillary PH.(3, 27) 

Group 4 relates to chronic thromboembolic phenomena, leading to repeated 

occlusion of pulmonary vasculature and vascular remodelling.(28) 

Group 5 relates to those cases of PH in which the cause of the raised mPAP 

is either not determined, or deemed to be multifactorial. There are 4 subgroups 

including haematologic, metabolic, fibrosing, and cardiac aetiology.(3, 

27)Alternative, or complementary, classifications have been proposed based 

on haemodynamic features of PH. The basis for one such classification 

includes measures of PAWP, cardiac output, and PVR. Measurement of 

PAWP distinguishes pre-capillary PH (PAWP  15 mmHg) from post-capillary 

PH (PAWP  15 mmHg).(28, 29) 

Group 1, or PAH, is relevant to this paper, and will be discussed in further 

detail. 

PULMONARY ARTERIAL HYPERTENSION 

PAH, as a subgroup of PH, is defined as mPAP 20 mmHg, PAWP of 15 

mmHg, as well as PVR of 3 Woods units. As normal mPAP is 20 mmHg, 

some controversy remains regarding patients with mPAP of 20-25 mmHg. 

Previously, the term ‘borderline PAH’ was suggested, but this has fallen out of 

favour. What is clear, is that these patients are at an increased risk for the 

future development of PAH, and should be followed up closely.(30-32) 

Although the true incidence of PAH is unknown, some European registries 

report rates of between 5 and 52 cases per 1 million population, making it a 

relatively rare condition.(33) 

Due to the clinical complexity of studying the disease, epidemiological 

information has relied on the formation of registries. These are mostly found in 

high-income countries where resources are available to do so. The lack of data 

from developing and low-income countries affects our understanding of the 

burden of disease globally.(30) 
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In sub-Saharan Africa, the incidence is unclear. However, there is significant 

prevalence of conditions which may lead to PAH.(34) 

Of the 25 million individuals affected by homozygous sickle cell disease (SCD) 

globally, more than half reside in Africa. PAH is an end-organ complication of 

SCD found in older individuals, mainly due to inflammatory and oxidative stress 

leading to pulmonary vessel endothelial dysfunction and subsequent 

increased mPAP.  Of the 20-40% of SCD patients who develop PAH, 40% die 

within 40 months of diagnosis.(35) 

Schistosomiasis is a common condition in many underdeveloped countries, 

and it has been suggested as the leading cause for Group 1 PH globally. A 

clear association exists between the schistosomiasis and PAH, through poorly 

understood mechanisms. A 2020 review article found that haemodynamic 

parameters as well as overall survival to be favourable in PAH due to 

schistosomiasis when compared to idiopathic PAH.(36) 

Human Immune-deficiency (HIV) infection is also associated with an increased 

incidence of PAH, although the mechanism is again unclear. Importantly, the 

survival rate is reduced by half in patients with HIV who develop PAH. Although 

anti-retroviral therapy has a beneficial effect for these patients, the interaction 

between HIV related PAH and other conditions such as chronic lung disease 

due to tuberculosis (TB) and other viral infections likely raises the overall risk 

for PAH in the sub-Saharan population.(34, 37) 

Importantly, there is significant overlap of these conditions amongst the 

population in sub-Saharan Africa, and the manner in which the incidence and 

severity of the illness is not fully understood. 

When compared to other forms of PH, PAH affects individuals of a younger 

age, and a greater proportion of women are affected than men. Women in their 

middle-age are most susceptible.(38) 

PATHOPHYSIOLOGY OF PAH 

As previously shown, the following equation allows for an understanding of 

pulmonary haemodynamics: 
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mPAP = [right ventricle cardiac output (RVCO) x pulmonary vascular 

resistance (PVR)] + alveolar occlusion pressure.(1) 

Numerous medical conditions exist which may lead to PAH by influencing the 

factors expressed in the above equation: 

Increased PVR – The most significant mechanism resulting in the development 

PAH is a rise in PVR. This may occur as a result of occlusive vasculopathy 

with vasoconstriction, cell proliferation with fibrosis of vascular walls, 

conditions causing persistent occlusive microthrombosis, or conditions 

causing persistent or recurrent hypoxic vasoconstriction.(1, 17) 

Increased RVCO – Generally, an isolated increase in pulmonary flow is easily 

compensated for by blood vessel recruitment in the vascular bed. However, in 

some situations, chronically increased pulmonary blood flow, or increased 

pulmonary venous pressure (represented by alveolar occlusion pressure), can 

lead to PAH.(1) 

Increased pulmonary venous pressure can be caused by a variety of disorders 

including left-sided cardiac disease, constrictive pericarditis, and cardiac 

failure. 

 

Table 2: Classification of pulmonary hypertension group 1, pulmonary arterial 

hypertension.(14) PAH – pulmonary arterial hypertension; BMPRII – bone morphogenetic 

protein receptor type 2; ALK1 – activin receptor-like kinase type 1; ENG – endoglin; SMAD9 – 
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mothers against decapentaplegic homolog 9; CAV1 – caveolin 1; KCNK3 – potassium channel 

subfamily K member 3. 

Idiopathic (group 1,1) and heritable (group 1,2) PAH are indistinguishable 

clinically. Heritable PAH (hPAH) is associated with specific gene mutations 

which display an autosomal dominant pattern of heritability.(14) 

Certain drugs (group 1,3), such as some appetite suppressants, are known to 

cause PAH, while other prescription or over-the-counter medications are 

implicated but not yet proven. Mechanisms for PAH development are complex 

and varied between agents, and a high index of suspicion should be 

maintained in patients using these medications.(14) 

Group 1.4 categorises other conditions which are commonly associated with 

the development of PAH. 

A detailed description of the molecular pathophysiology in the development of 

PAH is beyond the scope of this paper, but ultimately all proposed and 

established mechanisms lead to an increase in pulmonary pressures, and 

thus, increased right heart pressures. A brief explanation is provided below. 

RIGHT VENTRICLE AND SEPTUM IN PULMONARY ARTERIAL HYPERTENSION 

Normal right heart physiology has already been discussed, and of significance 

is the RV sensitivity to increased PVR (Figure 1.). 

PAH is characterised by an increase in RV afterload, which adapts through the 

mechanism of myocardial hypertrophy (right ventricular hypertrophy, RVH). 

RVH can maintain CO and compensate for increased afterload to a degree, 

but generally this is inadequate and will lead to RV failure (RVF) as the 

pathology progresses and RV afterload increases.(39) 

RV adaptation to pathological states is complex and multifactorial. Some 

important factors include the type and severity of stress to the myocardium, 

the duration of the stress, and the age at which it occurs in an individuals’ life. 

Further adaptation to the pathology is dependent on neurohormonal activation, 

the pattern of fibrosis and remodelling, and the alteration of gene expression. 
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All of these factors are interdependent, and are components of a web of 

interactions underlying the RV response to injury.(40) 

 

Figure 2. Proposed mechanisms and interactions between various factors influencing RV 

adaptation to stressors.(40) 

Through these mechanisms, RV compensation for chronic pressure-

overloaded states result in an increased density of myocardial connective 

tissue, an increased overall myocardial mass, and structural changes which 

affect haemodynamic functioning.(39, 40) 

Partial adaptation is also achieved through homeometric (Anrep effect) and 

heterometric (Frank-Starling Law) cardiac autoregulation, within the limits of 

cardiac physiology. Homeometric adaptation of the RV has been 

demonstrated after pulmonary artery constriction, and relates to systolic 

function of the RV as quantified by the maximal elastance (eMax) of the 

RV.(41)  

Despite these limited adaptive mechanisms, progressive RV dilation and 

dysfunction occur in PAH, and this is compounded by RV ischaemia which 

exacerbates RV failure and worsens CO. Activation of the endothelin system 

may play a significant role in the biomolecular pathogenesis of PAH, as 



 

SEPTAL STRAIN PATTERN IN EXPERIMENTAL PULMONARY HYPERTENSION 
 

24 

demonstrated by the increased gene expression of endothelin-1 and 

endothelin-1 receptors, in monocrotaline-induced PAH in rodents.(40, 42) 

Further neurohormonal activation, inflammatory mediators and oxidative 

stress, capillary loss and cell apoptosis result in progressive RV failure.(17, 41) 

As previously mentioned, the RV dilation and pressure overload progressively 

push the septum leftward, which changes the RV and LV geometry. The 

general dimensions of the RV are increased, the LV begins to lose the normal 

cylindrical shape, and assumes a progressive “D” shape as seen in short-axis 

cross section. The septal dynamics and ventricular interdependence are also 

affected by the change in pressure and geometry. Patients with isolated 

volume overload tend to have the most marked D-shaped LV at end-diastole 

in the cardiac cycle, and a relatively spared geometry at end-systole. Patients 

with pressure-overload states tend to display abnormal geometry throughout 

the cycle, but the abnormality is accentuated at end-systole (Figure 3).(24, 43) 

 PRESSURE OVERLOAD    VOLUME OVERLOAD 

 

Figure 3. A series of short axis ultrasonographic views of the left ventricle and corresponding 

diagrammatic representations showing geometry of the LV in a patient with isolated RV 

pressure overload (3 panels on left side) and isolated RV volume overload (3 panels on right 

side), showing the respective LV deformation at the various stages of the cardiac cycle due to 

leftward shift of the septum.(43) 

Once these changes start to occur, patients develop symptoms and signs of 

RVF from PAH. However, the onset is insidious. 
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DIAGNOSIS OF PAH 

Diagnosis often occurs late in the clinical course of the illness due to a lack of 

symptoms early on, as well as significant difficulties in the availability of 

practical screening tools. Often a diagnosis is only made at a point where the 

disease has progressed substantially.(6) 

This is a significant barrier, as early diagnosis of PAH is correlated with much 

better clinical outcome, improved quality of life, as well as long term survival. 

It is therefore reasonable to screen populations who are at risk of PAH. 

Currently, using multiple non-invasive screening tools in concert increases 

their predictive value. Thereafter, right heart catheterisation (RHC) is 

necessary for diagnosis of PAH.(6) 

Symptoms typically include those of RVF, including exertional dyspnoea, 

malaise, fatigue, angina, syncope and pre-syncope, as well as fluid retention, 

pedal oedema, and ascites. These features are progressive, and may prompt 

a patient to seek healthcare. Clinical features in keeping with PH and RVF may 

be found on physical examination, prompting bedside tests including resting 

electrocardiography and echocardiography. This enables the probability of PH 

to be estimated.(44, 45) 

Further investigation for the presence and cause of PH may include referral to 

a specialist centre where specific imaging, right-heart catheterisation, and 

genetic testing may be done as appropriate. This process is not 

straightforward, and often involves a multidisciplinary, and resource-intensive 

approach (Figure 4).(27) 
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Figure 4. European Society of Cardiology/European Respiratory Society algorithm for the 

diagnosis of pulmonary hypertension. PH – pulmonary hypertension; ECG – 

electrocardiogram; PFT – pulmonary function tests; DLCO – pulmonary carbon monoxide 

diffusing capacity; HRCT – high-resolution computed tomography; RV – right ventricle; V/Q – 

ventilation/perfusion ratio; CTEPH – chronic thromboembolic pulmonary hypertension; CT – 

computed tomography; RHC – right heart catheterisation; mPAP – mean pulmonary artery 

pressures; PAWP – pulmonary artery wedge pressure; PVR – pulmonary vascular resistance; 

PAH – pulmonary arterial hypertension; CTD – connective tissue disease; CHD – congenital 

heart disease; HIV – human immunodeficiency virus; PVOD – pulmonary veno-occlusive 

disease; PCH – pulmonary capillary haemangiomatosis.(45)  
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Although right-heart catheterisation remains the gold standard for diagnosis of 

PH and accurate measurement of pulmonary pressures, this investigation is 

invasive, and exposes patients to procedural risks as well as radiation.(31) 

In contrast, transthoracic echocardiography is far more widely available as a 

safe bedside investigation, and therefore plays an important role in risk 

quantification, diagnosis, prognostication, and measurement of response to 

treatment. 

ULTRASONOGRAPHY 

Ultrasonography has become ubiquitous in well-resourced healthcare, and is 

increasingly available in poorer settings. It is non-invasive and cost 

effective.(2) In addition, various modalities have been developed and 

increasingly used around the world. 

From initial development of the medical technology in the 1950’s, ultrasound 

has progressed significantly. Images of a structure or organ are obtained using 

sonic waves in the following way:  

Firstly, an electroacoustic transducer converts electrical energy into 

mechanical waves. The waves propagate through tissue, and are reflected and 

refracted by tissue interfaces of differing densities.  

The reflected waves are then received by either the same transducer, or other 

detectors. This mechanical energy in the form of sonic waves is converted to 

electrical impulses, and then into an image through processing equipment, for 

final display to the user.(46) 

Although there have been significant and progressive leaps forward in the 

hardware involved in the production of ever-improving image quality, available 

software has also improved in leaps and bounds as computing power has 

expanded exponentially. 

RV ASSESSMENT WITH ULTRASONOGRAPHY IN PH 

Various measurements to assess the RV have been validated, including 

multiple tools for static morphological assessment, RV 2-dimensional and 
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mono-dimensional systolic assessments, tissue doppler RV systolic 

assessment, RV diastolic function assessment, as well as pulmonary 

haemodynamic assessment.(47) 

However, echocardiography is limited by a number of factors, and its 

usefulness as a stand-alone test for screening in PAH has been called into 

question. Nonetheless, it remains a key component in the screening algorithm 

for PAH (Figure 4), provides insight into RV function and pulmonary pressures, 

and can assist in ruling out secondary causes for PH.(47) 

The geometry of the RV makes direct measurement of RV ejection fraction 

difficult. Indirect measurements are therefore used. Assessment of tricuspid 

regurgitation jet velocity (TRV) is used as the main parameter in screening for 

PAH, although many other measurements and derivations have been used. 

These include measurement of pulmonary artery acceleration time (PAAT).(6, 

27) 

PULMONARY ARTERIAL ACCELERATION TIME 

PAAT is a useful independent indicator of pulmonary haemodynamics. 

Sampling is performed at the pulmonary outflow tract. Pulsed-wave doppler is 

used to measure acceleration time of the pulmonary flow, with the sample 

volume placed adjacent to the pulmonic cusp on the side of the RV. Mean 

pulmonary artery pressure is estimated using the equation mPAP = 79 – (0.6 

x PAAT[ms}).(47, 48) 

When the PAAT is less than 120 ms, it has been found that the adjusted 

formula, mPAP = 90 – (0.62 x PAAT) performs better.(43) 

In humans, a PAAT of >130 ms is considered normal, but values of mPAP 

need to be corrected for an increased heart rate (HR). A value of <100 ms is 

considered abnormal, and indicates an increased mPAP, possibly indicative of 

PH.(47) 

 



 

SEPTAL STRAIN PATTERN IN EXPERIMENTAL PULMONARY HYPERTENSION 
 

29 

 

Figure 5. A typical pulsed-wave doppler ultrasonographic image of the right ventricular outflow 

tract showing pulmonary arterial acceleration time as measured between 2 dotted lines.(48) 

In addition, the morphology of the flow wave may also indicate the presence 

of raised mPAP characterised by early or mid-systolic ‘notching’, which reflects 

increased pulmonary artery impedance, another characteristic of PH.(47-49) 

Although the gold standard for measurement of pulmonary pressures is right 

heart catheterisation (12, 29, 44), PAAT has been validated as an indirect 

measure of mPAP. This validation enables the measurement of mPAP to be 

used in the diagnosis and monitoring of the response  of PAH to treatment, 

obviating the need for repeated, invasive RH catheterisations.(43, 50, 51) 

Other indicators of raised pulmonary pressure include echocardiographic 

measures of RV systolic pressures (RVSP) and RV diastolic pressures 

(RVDP). These are estimated using the modified Bernoulli equation of the peak 

tricuspid regurgitation jet velocity, where RVSP = 4V2 + right atrial pressure 

(RAP), and PADP = 4x (end-diastolic pulmonary regurgitant velocity)2 + RAP. 

In the absence of any pulmonary valve abnormalities, RVSP is equal to systolic 

PAP (SPAP). In the setting of dyspnoea, a RVSP of greater than 40 mmHg 
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qualifies for further investigation for PH, as per expert consensus of the 

American College of Cardiology Foundation and American Heart 

Association.(43, 48, 52) 

SPECKLE TRACKING ECHOCARDIOGRAPHY 

More recently, novel echocardiographic parameters have emerged as useful 

clinical tools in a variety of cardiac disorders. Myocardial deformation analysis 

uses speckle-tracking echocardiographic software to create strain patterns. 

These patterns may provide insight into right ventricular function in various 

pathological states, but the challenges associated with transthoracic 

echocardiographic imaging of the RV remain.(2, 10) 

Although cardiac motion analysis can be done through traditional 

echocardiography, this is highly operator- and experience-dependent. Strain 

pattern analysis is useful in that it adds further objectivity and reliability to 

imaging of moving tissue.(53) 

BASIC CONCEPTS 

The term ‘strain’ reflects a fundamental property of materials, in that they can 

be deformed. In ultrasonography, various parts of an imaged structure move 

at different velocities, resulting in deformation which is quantifiable as a 

percentage of the original dimensions. An associated term is ‘strain-rate’, 

which describes the deformation over time.(53) 

Although intuitive in some respects, strain is a complex mathematical concept 

which can be applied to objects of varying dimensions. For a one-dimensional 

object (1D), linear strain is defined by the formula: 

 = (L – L0) / L0 = L / L0 

where  is strain, L0 is baseline length, and L is length at measurement. This 

describes deformation along only a single axis, as reflected by “1D”. Strain is 

further divided into Lagrangian strain (where not only the initial and final 

measurements of L0 and L are known, but also during the deformation process 

itself, or (t) = (L(t) – L(t0)) / L(t0)), and natural strain (in this instance, deformation 
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is measured not against absolute values, but rather at a length at a previous 

time instance). 

When further dimensions are added, such as in two-dimensional (2D) objects, 

there is deformation along 2 axes. In addition, the strain can be described as 

‘shear’ deformation along both of these axes (where the upper and lower 

borders, and the left and right borders both move but at different velocities, 

and therefore deform in relation to each other). Therefore, 2D objects have 4 

strain components – 2 strain, and 2 shear. Three-dimensional objects have 3 

axes, and thus 3 strain components, and 6 shear strains, giving a total of 9 

components.(53) 

DEVELOPMENT OF STRAIN PATTERN ANALYSIS 

Non-invasive myocardial strain measurements were pioneered using magnetic 

resonance imaging (MRI) in the late 1980’s, and these concepts were 

translated to ultrasonography in the 1990’s. Technology and software for 

tissue doppler imaging initially required post-processing of images to measure 

strain, but later allowed for real-time strain measurement as computing power 

increased.(54) 

Today, although still primarily used as a research tool, the user-friendly nature 

of the imaging technique, improving processing power, and validation of 

various parameters for quantifying cardiac function, has paved the way for 

progressive adoption of these imaging techniques in clinical practice.(54) 

MODALITIES – TISSUE DOPPLER AND SPECKLE-TRACKING ECHOCARDIOGRAPHY 

Tissue doppler imaging allows for strain analysis by measuring tissue velocity 

parallel to ultrasound scan lines. This limits the modality to measurement of 

1D strain measurement. It offers basic functional assessment of the LV unless 

multiple images are obtained and post-processing is applied.(54) 

More advanced methods of feature tracking include speckle tracking 

echocardiography. This is dependent on the inhomogeneous acoustic features 

of the myocardium, which create varying acoustic densities, known as 

‘speckles’ (appearing as small lighter areas). These have been found to 

correspond closely with tissue movement even though they do not represent 
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actual tissue structure. Speckle tracking therefore allows for reliable 

measurement of the movement of structures of interest.(54) 

 

Figure 7. Speckle tracking analysis of ultrasound images of the heart. Panel A – parasternal 

long axis view, showing the greyscale image of the cardiac structures with acoustic ‘speckles’ 

visible in the left image, an enlarged segment of the image showing the axis (arrows) of 

deformation overlying the speckles in the middle image, and the associated strain pattern 

graph in the right image. Panels B and C show the same information for images of the heart 

in parasternal short axis views with radial strain pattern, and circumferential strain pattern, 

respectively.(55)  

Often, software packages for speckle tracking are applied to regular greyscale 

ultrasound images during post-processing, and the automated image analysis 

has led to ease-of-use and reliability in 2D images.(54) 
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There are some limitations associated with the use of speckle tracking. 

Reliability is largely dependent on image quality, and may be significantly 

impaired by acoustic noise or other artefacts. Algorithms have been developed 

by various vendors to overcome these limitations to a degree, but these may 

impair sensitivity to subtle pathology. Accuracy of tissue doppler 

measurements depends on the orientation to acoustic signals, with a parallel 

beam yielding the most reliable measurements.(56) 

Furthermore, the right ventricle has a complex morphology and dynamic 

function, which may confound the interpretation of strain patterns.  

Despite the limitations, STE has been comprehensively validated as a method 

to assess multiple cardiovascular pathologies, including RV function in PH. 

cardiac MRI has shown high reliability for STE strain analysis, with low inter-

observer variability. In addition, strain pattern analysis is more sensitive to 

early and subtle changes in LV function than ejection fraction (EF).(56-58) 

Clinically, 3 components of myocardial deformation are described using STE, 

namely longitudinal strain (LS), radial strain (RS), and circumferential strain 

(CS). Due to the complex interwoven nature of the myocardium, individual 

fibres contribute to each of these components and selective assessment of 

cardiac layers is impractical. Strain rate (deformation over time) can offer a 

further tool in the assessment of cardiac function, but relies on a high temporal 

resolution, and is more accurate using tissue-doppler imaging.(54) 

In addition, strain imaging can be applied to single or multiple segments of the 

heart, allowing for more directed analysis. This approach may be beneficial in 

that it reduces the need for obtaining optimal views of large portions of the 

heart for analysis. 

ASSESSING RIGHT HEART WITH SPECKLE TRACKING ECHOCARDIOGRAPHY 

Assessment of any portion of the heart is possible, depending upon adequate 

image acquisition. This includes RV function, which is recognised as an 

important prognostic factor in PH. In children with PH, strain and strain rate 

imaging has been reliably used to quantify RV function, providing a 

complementary method to predict outcome.(59) 
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In one study comparing conventional echocardiographic indexes assessing 

RV function to 2D and 3D strain pattern analysis, found global longitudinal 

strain to correlate more closely with haemodynamics on right heart 

catheterisation.(60) Specifically, longitudinal strain of the RV has been 

established as a measure of RV function in PH. 

Due to ventricular interdependence, as described above, right heart 

dysfunction can manifest as changes in left heart function, including that of the 

septal wall. 

A 2016 study looking at echocardiographic features of the LV in children with 

PH found significant dysfunction of the LV on strain imaging when compared 

to healthy controls during cardiac catheterisation as investigation for PH. 

Segmental analysis found the reduced circumferential strain and strain rate to 

be most pronounced in the inter-ventricular septum in those children with 

PH.(61) 

A further study examining LV strain using cMRI in 16 patients with PH, with 13 

patients as control, found the most significant change in circumferential strain 

in the LV septal segment. In addition, literature shows a good association 

between global LV strain on cMRI, and STE. This supports the premise that 

PH with impaired LV function manifests as decreased septal circumferential 

strain.(62, 63) 

Cardiac MRI is in itself a time-consuming, costly, and widely unavailable 

investigation, especially in resource-limited settings such as South Africa. As 

technology has improved, ultrasonography with STE may provide an 

invaluable tool in the screening for PH. Beyond screening and assessment for 

PAH, ultrasonography can be used to quantify severity of the disease, assess 

prognosis, and monitor response to treatment. 3-dimensional strain analysis, 

currently being refined, promises to be an even more powerful tool in the 

assessment of right heart function in PH. The importance of ultrasonography 

as an investigative tool for PH cannot be overstated. 

EXPERIMENTAL PULMONARY ARTERIAL HYPERTENSION IN RODENTS 
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A rodent model with experimentally induced PH has been used extensively for 

research into diagnostic tools and novel treatments. The administration of 

monocrotaline (MCT) to rodents has been shown to provide a reliable 

development of severe PAH, with a predictable temporal course.(10) 

The ideal PH model should manifest typical clinical features of the specific PH 

group being investigated, should display histological findings in keeping with 

those seen in humans, and should allow convenient and advanced 

investigation. Various animal models have been used, but all fall short of 

fulfilling the above criteria. This shortcoming is compounded by the fact that 

PAH is a heterogeneous entity in humans, with incompletely understood 

pathophysiology. Animal models may not reflect this complexity.(64) 

Some advantages of using a rodent model include reliable reproducibility of 

pathology, genomic similarity to humans, relative economy, and shorter life 

spans.(64, 65) Multiple methods exist to induce PH in rodents. These include 

chronic exposure to hypoxic conditions, introduction of MCT, and surgical 

techniques such as pneumonectomy.(66) 

MONOCROTALINE-INDUCED PULMONARY ARTERIAL HYPERTENSION 

MCT is a plant-derived pyrrolizidine alkaloid which induces severe PAH when 

administered to rodents, as well as some other animals. It has been used for 

over 50 years to create experimental models of PAH, and its role in furthering 

our understanding and treatment of the disease is incalculable.(66, 67) 

The toxin may be introduced by either subcutaneous or intraperitoneal 

injection, and produces PAH in a predictable, dose-dependent manner. The 

severity of PAH in rodents is also dependent on the age of the animal when 

administered. 

MCT results in acute pulmonary artery injury by causing type II pneumocyte 

damage, precipitating microthrombosis, and inducing inflammatory cascades. 

These processes lead to a progressive pulmonary vasculopathy, severely 

increased pulmonary pressures, and death.(67) 

The rodent-MCT model is however not perfect. The pathological process 

differs histologically from PAH in humans, as well as in the profile of plasma 
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cytokines. In addition, MCT administration is accompanied by other organ 

involvement, most notably hepatic inflammation and microthrombosis. The 

effect of this pathology on the translatability of findings to humans is 

unclear.(67) Interestingly, toxic rape-seed oil ingestion by humans, such as 

occurred in Spain, matches most closely the pulmonary pathology seen with 

MCT in rodents.(67) 

ULTRASONOGRAPHY IN RODENTS WITH PAH 

As in humans, RHC remains the gold standard for measurement of pulmonary 

pressures in animal models; however, there are significant challenges related 

to this investigation in rodents. This has necessitated non-invasive 

measurements of RV function and PAP being developed and validated. Non-

invasive techniques for assessment of PAP and RV include traditional 

ultrasonographic parameters used in humans. 

As mentioned, PAAT is a clinically verified method of quantification of PH in 

humans, and its use has also been validated in rats. In a 2019 study by Zhu et 

al, a clear correlation was found between PAAT and RVSP measured by RHC 

in rats, and MCT- and hypoxia/Sugen-induced PAH.(2) 

 

Figure 6. Graphical representation of the correlation between RVSP and PAAT (noted as ‘PAT’ 

on this graph) in rats with artificially-induced PAH.(2) 
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Multiple other studies have confirmed a strong correlation between PAAT and 

invasive measurement of pulmonary pressures in rodents, and its use in 

research as a reliable measure of pulmonary pressures is established.(68-70) 

Beyond the traditional parameters, there is limited data available regarding 

STE of the right heart in rodent models. There has been growing interest in 

alternative methods of measurement of pulmonary pressures, especially as 

new technologies are being explored in clinical practice in humans.(10) 

The functional relationship between the left and right heart is significantly and 

progressively disrupted by the development of right heart disease. 

Anatomically, the septal wall is shared between the left and right ventricles, 

and deformation of this portion of the myocardium is an inevitable 

consequence of right heart disease. However, there are no studies which 

describe the septal wall strain pattern in a rodent model with experimental 

PH.(71)  

Most recently, Kimura et al. evaluated the right ventricle in rodents with MCT-

induced right-ventricular heart failure (RVHF) using conventional 

ultrasonographic techniques, as well as strain-pattern analysis. A total of 26 

rats were randomly assigned to either the RVHF or control groups. The 

researchers found clear RV dysfunction using conventional echocardiographic 

variables. Using strain pattern analysis, longitudinal and radial strain showed 

poor reproducibility, and only circumferential strain showed promise in 

evaluating the function of the right heart.(10) The researchers concluded that 

further investigation of circumferential strain pattern analysis of the septal wall 

is warranted. This technique may provide a promising tool in the 

ultrasonographic evaluation of PAH in rodents. 

SEPTAL STRAIN ANALYSIS 

In contrast to the RV free wall, the septum can be reliably visualised using 

transthoracic ultrasound, and strain-pattern analysis applied to the images. 

Available literature points to septal circumferential strain being a prominent 

indicator of PH with LV dysfunction. In addition, ultrasonography is relatively 



 

SEPTAL STRAIN PATTERN IN EXPERIMENTAL PULMONARY HYPERTENSION 
 

38 

widely available, and automated or semi-automated strain pattern analysis is 

expected to become more accessible in the future.  

Many staff members in emergency units and other areas of healthcare facilities 

are familiar with transthoracic echocardiography, and basic techniques are 

relatively easily taught. The investigation is noninvasive, and has negligible 

associated risk. 

In light of these points, the validation of reduced septal wall circumferential 

strain as an indicator of PH in rodents could provide a stepping stone toward 

the eventual use as a screening tool in humans. This may obviate the need to 

obtain multiple measurements and images of the entire heart, and make 

screening widely available in the future. In addition, the septal wall 

circumferential strain pattern analysis can be correlated with a validated 

measure of pulmonary pressures, PAAT. 
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SECTION TWO - MANUSCRIPT 
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ABSTRACT 

Introduction 

Pulmonary arterial hypertension (PAH) remains a devastating disease. Early 

diagnosis remains challenging, but is associated with improved outcomes. 

Rodent models have been extensively used to investigate PAH. 

Ultrasonographic strain pattern analysis provides a novel method of assessing 

cardiac function, but difficulties in transthoracic imaging of the right heart are 

a barrier to its use in diagnosis of PAH. Segmental strain pattern analysis of 

the intraventricular septum circumvents this problem while still providing 

insight into right ventricular (RV) function. In this paper, the authors compare 

the septal strain pattern of rodents with chemically-induced PAH, to a known 

indicator of right heart pressures, pulmonary arterial acceleration time (PAAT). 

Method 

This was a secondary analysis of ultrasonographic data of rodents from a 

previous study with chemically-induced PAH. Strain pattern analysis was used 

to identify peak circumferential strain (CS) of the septal segment on short axis 

views via transthoracic echocardiography. PAAT was also measured. 

Regression analysis was performed to assess the relationship between the 

parameters. 

Results 

The relationship between CS and PAAT was linear (y = 7.1343 + -0.6118 x, 

p=0.001, R2 0.69). Rodents’ predicted CS was equal to 0.59 + (-1.1 x PAATms). 

CS increased by 1.1% for every 1 ms decrease in PAAT. 

Conclusion 

In rodents with PAH, peak CS of the septal segment on short axis view can be 

used to predict PAAT, and thus be used as a measure of PAH. Peak CS can 

reliably and easily be measured using transthoracic echocardiography, and 

may be valuable in the investigation and management of PAH in humans. 

Further studies should be conducted. 
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MANUSCRIPT 

INTRODUCTION 

The right heart is functionally complex, and difficult to assess. Many right heart 

(RH) pathologies have an insidious onset with non-specific symptoms. A 

multitude of special investigations exist, but with significant limitations 

including accessibility, low sensitivity, invasiveness and cost. These factors 

result in delayed diagnosis and treatment of right heart pathologies. This 

highlights the importance of finding effective, non-invasive measures of 

function of the right heart.(6) 

One such disease is pulmonary arterial hypertension (PAH). The incidence is 

estimated to be between 10 and 52 cases per million (4). PAH carries a high 

mortality due to a variety of factors, including delayed diagnosis. Onset is 

subtle, with non-specific symptoms and clinical findings. Ultimately, diagnosis 

of PAH requires right heart catheterisation (RHC), and is defined by measured 

mean pulmonary arterial pressures of >20 mmHg at rest.(3, 12, 28) 

Transthoracic echocardiography is extensively used in the workup and 

monitoring of PAH.(43) It is cost-effective and non-invasive(46), but is limited 

by the need for skilled operators using multiple parameters to assess RV 

function. Patients depend on efficient referral pathways to specialised centres, 

for access to this level of imaging.(45) 

New software has allowed the development of novel ultrasonographic methods 

to assess cardiac function. These include speckle tracking echocardiography 

(STE) and strain pattern analysis. The benefits of this technology are that it 

requires relatively basic training, and is becoming more readily available.(55) 

Limited data exists regarding strain pattern analysis in experimental PAH. A 

2015 study analysing the entire right heart in rodents with experimental 

pulmonary hypertension showed promise in circumferential strain (CS) 

analysis of the RV as a measure of RH function. This analysis showed good 

correlation with other, validated echocardiographic features of pulmonary 

hypertension and right ventricular failure (RVF). However, the authors noted 
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that reproducibility and diagnostic utility was limited, suggesting that further 

research be conducted.(10, 64) 

One major limitation to the application of this technology is difficulty in imaging 

the right heart. This is overcome by selective segmental analysis of the septal 

wall, which is readily accessible even by novice transthoracic 

echocardiographers. Functional ventricular interdependence leads to septal 

wall motion abnormalities in PAH, which can by analysed using STE and 

compared to established echocardiographic measures of RV function. (22, 25, 

41) 

A rodent model with monocrotaline (MCT)-induced PAH and RVF is a well-

established method for investigating this disease.(66) MCT injection has been 

shown to produce PAH in a predictable, time-dependent manner by induction 

of severe oxidative stress. Functional and structural changes in the RV have 

been confirmed via imaging such as cardiac magnetic resonance imaging 

(CMRI) and echocardiography, as well as through RHC and dissection of the 

heart.(67) 

This study is a secondary analysis of ultrasound data gathered during research 

into the cardioprotective effects of various types of red wine on the 

development of experimental PAH in rats. The original study was performed at 

the University of Cape Town, South Africa, and published in 2018.(72)  

In this paper, we aim to show the relationship between the circumferential 

strain of the septal wall segment and an established ultrasonographic measure 

of pulmonary hypertension, the pulmonary artery acceleration time (PAAT), in 

rodents with experimental PAH. 
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METHODS 

Permission was granted by the authors of the original paper to make use of 

the existing animal data. Data collection took place from 05 December 2016 to 

08 March 2017. A formal waiver for ethics approval was then obtained from 

the Animal Ethics Committee at the University of Cape Town Office of Animal 

Research Ethics (appendix A). For further details, please see the description 

of the relevant methodology in the original study (appendix B). 

As this study was a retrospective analysis of existing data, a sample size was 

not calculated. In the original study, 35 male Long-Evans rats were used. All 

protocols complied with the care and use of laboratory animals guide published 

by the United States National Institute for Health, 2011. Rodents were 

randomised into the following groups: control rats (C), n=5, received only 

water; MCT rats (MCT), n=7, received only water and a subcutaneous injection 

of MCT; reduced-alcohol red wine (RARW) rats, n=5, received only reduced 

alcohol wine; MCT-treated rats (MCT+RARW), n=7, received daily reduced-

alcohol wine and subcutaneous MCT; RW rats (RW), n=4, received only 

regular wine; MCT-treated rats (MCT+RW), n=7, received daily regular wine 

and subcutaneous MCT. 

For the rodents randomised to MCT groups a single subcutaneous MCT 

injection took place on Day 0 at a dose of 80mg/kg. For all rodents, baseline 

ultrasonographic data was obtained 7 days prior to this (Day -7). 

Ultrasonographic data was again obtained 28 days after MCT administration 

of MCT (Day 28).To obtain ultrasound images, anaesthesia was induced using 

4% isoflurane, and maintained with 2% isoflurane. Oxygen was used as the 

carrier gas at a flow rate of 1,5 l per minute delivered via nose cone. The 

rodents were placed supine, temperature maintained between 36,5C and 

37,5C using a warm pad, and the chest shaved. Images were obtained using 

the VEVO 2100 Visualsonics, Inc. ultrasound machine (Toronto, Canada). LV 

short axis views were obtained, and pulmonary artery flow velocity was 

measured using pulsed-wave doppler. Multiple other parameters not relevant 

to this paper were also obtained. Ultrasound images and clips were stored 

locally on the password-protected hard drive of the ultrasound machine, and 

were only accessible to the authors of the original paper. Access was granted 

for the purpose of this study.Secondary analysis 

Ultrasound images and clips were imported to a laptop computer for secondary 

analysis. Cardiac short axis ultrasound clips of the left ventricle (LV) were 



 

SEPTAL STRAIN PATTERN IN EXPERIMENTAL PULMONARY HYPERTENSION 
 

45 

selected for each rodent. Selected clips included at least one full cardiac cycle 

recorded at the mid-papillary level. Clips were then exported to the VevoLab 

software suite (Visualsonics, Inc., Toronto, Canada), which allowed speckle 

tracking software to be applied to the endocardial border of the LV. Measures 

were taken to obtain the most effective tracking of the endocardial border, 

including use of the clips with the best view of the septum, careful selection of 

the points for tracking, and adjusting brightness to obtain optimal contrast. 

The accuracy of speckle tracking was then assessed based on duration of 

effective tracking. Effective tracking was verified by a second observer. The 

quality of endocardial border speckle tracking was graded for each clip based 

on the percentage of the cardiac cycle where tracking was optimal. Clips where 

endocardium was tracked for 70% to 100% of the cycle were labelled ‘good 

quality’, between 50% and 70% were ‘poor quality’, and less than 50%, or 

those where tracking could not take place due to other factors were ‘very poor 

quality’. 

On the  LV short axis view, strain pattern analysis was used to measure the 

peak circumferential strain of the septum. Using the pulmonary artery flow 

velocity, the corresponding PAAT was measured, and all variables were 

tabulated on an Excel spreadsheet (Microsoft Excel, Microsoft Corporation, 

New Mexico, USA; www.microsoft.com). 

STATISTICAL ANALYSIS 

The sample size was determined by the sample size of the original study. 

Linear regression was performed using analysis of variance (ANOVA). 

Regression statistics were reported as multiple R, R squared, and adjusted R 

squared. Data was represented graphically as a scatter plot. Results were 

considered statistically significant at P < 0.05. Statistical analysis was 

performed using MedCalc® Statistical Software version 20.211 (MedCalc 

Software Ltd, Ostend, Belgium; https://www.medcalc.org; 2023). Regression 

analysis was performed on the entire dataset, as well as subsets with very 

poor quality traces removed, poor and very poor quality traces removed, and 

only high quality traces on day 28. Results for the entire data set, and for high 

quality data on day 28 were included. 
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RESULTS 

A total of 52 ultrasound clips were available for measurement. 26 clips (50 %) 

were high quality, and the remainder (26 clips, 50 %) were either poor quality, 

very poor quality. Of the total clips, 37 were taken in rodents which had not 

received MCT, and did not have PHT. 15 clips were taken from rodents on day 

28 after receiving MCT, and had established PHT. 

1. Table 1 and 2 (see graphs and tables) shows the measured PAAT and CS 

values for all of the rodents. In those rodents that did not have PHT (n=37), 

mean PAAT was 21,41 ms (IQR: 20,62 to 24,24 ms), and mean CS was -22,85 

% (IQR: -19,57 to -25 %). In those rodents with PHT (n=15), mean PAAT was 

lower at 14,18 ms (IQR: 12,75 to 15,23 ms)), and mean CS was increased at 

-13,05 % (IQR: -10,5 to – 18,59%). 

2. Graph 1 (below) shows least squares linear regression of PAAT (dependent 

variable) vs. CS (independent variable) of the total data. The relationship was 

found to be linear, as described by the equation y = 12.9387 + -0.3323 x, 

p=0.001, R2 0.31. CS decreased by 0.33 % for every 1 ms decrease in PAAT. 

Graph 1: Least squares linear regression of PAAT (dependent variable) vs. CS (independent 

variable) of all data. 
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3. Table 3 displays the regression analysis for the total data. 

4. Table 4 shows only high-quality data taken on day 28. A total of 26 high-

quality clips were available. After exclusion of the high quality baseline (Day –

7) clips, 11 high quality clips remained. 7 measurements were taken in rodents 

which had received MCT and had established PAH. Mean (SD) CS and PAAT 

values were -13,96 % (-11,75 to -20,66 %), and 14,55 ms (IQR: 13,78 to 19,3 

ms) respectively.  

5. Graph 2 shows least squares linear regression of the high quality data at 

day 28. PAAT was plotted as an independent variable against CS. The 

following equation was derived: y = 7.1343 + -0.6118 x , p=0.001, R2 0.69. 

Rodents’ predicted CS was equal to 0.59 + (-1.1 x PAATms). CS increased by 

1.1% for every 1 ms decrease in PAAT. 
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DISCUSSION 

A rodent model with MCT-induced PAH and RVF is a well-established method 

for investigating this disease and appropriate for this study.(66) MCT injection 

has been shown to produce PAH in a predictable, time-dependent manner by 

induction of severe oxidative stress. Functional and structural changes in the 

RV have been confirmed via imaging such as CMRI and echocardiography, as 

well as through RHC and dissection of the heart.(67)  

Traditional echocardiographic measurements of RV function are hindered by 

the inherent difficulty in obtaining views of the right heart due to a small 

echocardiographic window in rodents. In addition, measurements taken are 

angle-dependent. The use of STE overcomes this problem, but, as shown by 

Kimura et al, RV free wall imaging remains difficult.(10) Limiting STE analysis 

to the septal wall, and measuring only CS is comparably easy. This allows for 

relative novices to obtain views and apply STE software.  

Main findings 

The principal finding of this study is that peak CS of the septal wall predicts 

pulmonary artery pressures in rodents. For the given PAAT values, a linear 

relationship exists between CS and PAAT. Despite inherent difficulties in 

rodent echocardiography due to a limited transthoracic window and fast heart 

rate, our measurements showed good reproducibility. We also found that CS 

analysis could be performed quickly and easily using the VevoLab software 

suite.  

Traditional Echocardiographic Variable - In those rodents that did not 

receive MCT, PAAT fell within the normal range. In those rodents that did 

receive MCT, PAAT decreased significantly by day 28. This confirmed 

development of PAH with RV failure using an established measure of right 

heart function. Our measurement of PAAT reflected results found in the original 

paper, which found mean PAAT = 24.43 ms  1.64 for controls (no MCT), and 

PAAT = 13.95 ms  0.95 for the MCT group. (72) 

Speckle Tracking Echocardiography - STE analysis showed a significant 

reduction in CS of the septal segment of the myocardium in those rodents 
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which received MCT, while CS was unchanged in those rodents that did not 

receive MCT. Regression analysis was performed on the entire data set, as 

well as the subset of high quality data on day 28. The subset analysis excluded 

all data points taken on day -7 (at which point none of the rodents had received 

MCT or had PAH), as well as the poor and very poor quality traces. The 

remaining 11 data points were high quality and included controls as well as 

rodents with varying degrees of established PAH. This was done to exclude 

excessive points in rodents which had normal PAAT and CS values, and traces 

which were unreliable due to poor or very poor tracking. 

Both total data and subset analysis showed similar findings. Although the 

subset analysis had a greater R2 value compared to the total data (0.69 vs 

0.31 respectively), the confidence interval was much wider due to a smaller 

sample size. 

No comparable studies exist in which only the septal wall peak CS is measured 

in rodents with PAH. The findings complement those of Kimura et al. Using a 

rodent model with MCT-induced PAH, their study examined multiple traditional 

echocardiographic variables of the right and left heart. Additionally, STE was 

used to analyse longitudinal, radial, circumferential, and transverse strain 

patterns, and RHC performed. The authors concluded that circumferential 

strain pattern analysis to evaluate RV function may be promising. The findings 

on CS were limited by a lack of reproducibility and impaired diagnostic utility 

and the authors added that further investigation was required.(10)  

Traditional quantification of RV function has required imaging of the entire RV. 

Previous papers assessing the use of STE and strain pattern analysis have 

assessed multiple parameters, including circumferential strain of the entire RV. 

Significantly, we found that the CS of the septal wall alone can indicate the 

presence and degree of RV dysfunction. This negates the need for imaging of 

the entire RV. 

A major strength of our study is that it showed a strong signal for the existence 

of a relationship between CS and RV function. This confirms the promise of a 

new parameter for measurement of PAH in humans, and further studies can 

be confidently undertaken. The use of genetically identical animal models 
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under laboratory conditions allowed for the exclusion of confounding factors. 

This resulted in high-quality data for analysis and interpretation. 

Our findings were limited by the following factors.  

Firstly, the study was a secondary analysis, and the original study was not 

focused on viewing the septal wall. Therefore, we did not have any control over 

optimisation of septal wall imaging. Secondly, echocardiography of rodents is 

inherently challenging due to size of the anatomy, as well as the heart rate. In 

some clips, rib or sternal shadows obscured views of the septum for part, or 

all of the cardiac cycle. In these cases, software tracking of the septal wall was 

only possible when the septal wall was visible, or was not possible at all. 

Although data collection was less dependent on operator skill than traditional 

ultrasound parameters, this was still a factor.  

In those clips where the quality of the image was compromised for reasons 

mentioned above, software tracking of the endocardial border was impaired to 

varying degrees. This necessitated the grading of the quality of the software 

tracking for subset analysis. Exclusion of these clips resulted in a decreased 

sample size and a wider confidence interval. 

Thirdly, we could not compare septal CS to the gold standard for measurement 

of pulmonary pressure, namely RHC. However, PAAT is a validated measure 

of RV function, and is traditionally used in experimental PAH to quantify RV 

function. Lastly, we are unable to assess whether CS and PAAT maintain a 

linear relationship at values beyond the range of data points available to us. It 

may be possible that CS no longer predicts PAAT at more extreme measures. 

This led to poor or absent visualisation of the septal wall in some clips.  

Ultrasonographic views obtained in the original study were not necessarily 

optimal for viewing the septal wall, which was another contributing factor to the 

exclusion of some clips. 

Future studies should be designed to further investigate our findings, as well 

as address the limitations of our study. This could provide more insight into the 

relationship between PAAT and CS. Human trials could be conducted at 
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specialised PH centres, and septal wall CS measurements could be taken at 

the time of RHC.  

Conclusions 

Our findings show that septal wall CS can be used to evaluate RV function in 

rodents with experimental PAH. This has important implications for future 

research using rodents. If validated in humans, the clinical applications would 

be significant. In future, septal wall CS could become a fast, readily available 

and non-invasive screening tool for PH by non-specialist clinicians. 
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GRAPHS AND TABLES 

Table 1 – All Data (rodents did not receive MCT) 

 Day -7 Day 28 

RODENT 
LABEL PAAT (ms) CS (%) PAAT (ms) CS (%) 

1.1 20,83 -38,52 No second measurement  

1.2 19,58 -22,4 21,67 -21,4 

1.5 24,17 Unable to track 15 -15,46 

2.2 24,17 -30,25 19,17 -19,26 

2.4 22,92 -23,29 20,95 -22,52 

2.5 22,5 -23,86 20,83 -20,31 

2.6 25,83 -22,93 25,83 -24,75 

2.8 27,92 -33,48 22,08 -24,38 

3.3 24,17 -15,66 18,3 -9,13 

3.4 21,25 -22,09 21 -16,6 

3.5 29,17 -23,4 16,25 -29,75 

3.9 24,58 -19,15 No second measurement 

3.12 17,08 -25 12,92 -18,13 

       

MEAN 23,398 -25,00 19,45 -20,15 
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Table 2 – All Data (Rodents received MCT) 

 Day -7 (No PHT) Day 28 (PHT) 

RODENT 
 LABEL PAAT (ms) CS (%) PAAT (ms) CS (%) 

1.3 22,08 -10,27 13,75 -9,51 

1.4 22,5 Unable to track 12,08 -12,01 

1.6 24,17 -26,68 13,33 -11,48 

1.7 24,44 -20,18 15,45 -21,01 

2.1 20 -23,01 13,81 -7,89 

2.3 22,93 -26,7 14,17 -13,5 

2.7 24,17 -19,57 17,78 -12,37 

2.9 18,75 -23,64 15 -11,62 

3.1 19,17 -21,69 11,25 -11,59 

3.2 20 -22,22 12,11 2,76 

3.6 25,56 -23,3 16,25 -25,5 

3.7 23,33 -29,79 13,75 -18,05 

3.8 23,75 -15,69 16,96 -20,81 

3.10 20 -35,07 12,08 -19,13 

3.11 25 -29,92 15 -4,07 

       

MEAN 22,39 -23,41 14,18 -13,05 
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Table 3 - 

Regression Analysis of All Data 

Dependent Y PAAT 

Independent X CS 

Least squares regression 

Sample size 52 

Coefficient of determination R2 0.3149 

Residual standard deviation 3.8822 

Regression Equation 

y = 12.9387 + -0.3323 x 

Parameter Coefficient Std. Error 95% CI t P 

Intercept 12.9387 1.4935 9.9388 to 15.9386 8.6630 <0.0001 

Slope -0.3323 0.06931 -0.4715 to -0.1931 -4.7942 <0.0001 

Analysis of Variance 

Source DF Sum of Squares Mean Square 

Regression 1 346.4120 346.4120 

Residual 50 753.5806 15.0716 

  

F-ratio 22.9844 

Significance level P<0.0001 

Residuals 

Shapiro-Wilk test 

for Normal distribution 

W=0.9735 

accept Normality (P=0.2956) 

 

MedCalc® Statistical Software version 20.211 (MedCalc Software Ltd, Ostend, Belgium; https://www.medcalc.org; 2023) 
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Table 4 - High Quality Data from Day 28  

RODENT 

LABEL 

PAAT 

(ms) CS (%) 

RECEIVED 

MCT 

1.5 15 -15,46 No 

2.5 20,83 -20,31 No 

2.6 25,83 -24,75 No 

2.8 22,08 -24,38 No 

1.3 13,75 -9,51 Yes 

1.4 12,08 -12,01 Yes 

1.6 13,33 -11,48 Yes 

1.7 15,45 -21,01 Yes 

2.1 13,81 -7,89 Yes 

2.3 14,17 -13,5 Yes 

2.7 17,78 -12,37 Yes 
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Table 5 -  

Regression Analysis of High Quality Data on Day 28 

Dependent Y PAAT_3 

Independent X CS_3 

Least squares regression 

Sample size 11 

Coefficient of determination R2 0.6921 

Residual standard deviation 2.5572 

Regression Equation 

y = 7.1343 + -0.6118 x 

Parameter Coefficient Std. Error 95% CI t P 

Intercept 7.1343 2.2702 1.9989 to 12.2698 3.1426 0.0119 

Slope -0.6118 0.1360 -0.9195 to -0.3041 -4.4974 0.0015 

Analysis of Variance 

Source DF Sum of Squares Mean Square 

Regression 1 132.2663 132.2663 

Residual 9 58.8524 6.5392 

  

F-ratio 20.2268 

Significance level P=0.0015 

Residuals 

Shapiro-Wilk test 

for Normal distribution 

W=0.9806 

accept Normality (P=0.9694) 

MedCalc® Statistical Software version 20.211 (MedCalc Software Ltd, Ostend, Belgium; https://www.medcalc.org; 2023) 
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Graph 2 

 

 

Least squares linear regression of PAAT (dependent variable) vs. CS (independent variable) 

of high quality clips of rodents at Day 28. 
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SECTION THREE 
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APPENDIX A – AEC AUTHORISATION LETTER 
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APPENDIX B – ORIGINAL STUDY METHODOLOGY 

METHODS 

Animal Group 

The study was approved by the Faculty of Health Sciences Animal Ethics 
Committee, University of Cape Town (ethics number 016/001). All protocols 
were carried out in compliance with the care and use of laboratory animals 
guide published by the United States National Institute for Health in 2011. Male 
Long Evans rats weighing 150-175g were housed in the Faculty of Health 
Science Animal Unit at the University of Cape Town, in a 12-hour dark/light 
cycle with room temperature between 20 ºC and 23 ºC and humidity maintained 
at 40%. A maximum of 3-4 rats were housed per cage. The drinking water of 
the rats was supplemented with one part of either 5.5% reduced-alcohol or 
15% regular red wine to seven parts of water, mimicking an amount equivalent 
to 2-3 glasses of wine per day in humans, as previously described (29). The 
groups were pre-treated with wine or water for 7 days before receiving a single 
injection of MCT (80mg/kg subcutaneous, see Figure 1). The following 
randomised groups of rats were used: control rats (C), n=5, received only 
water; MCT rats (MCT), n=7, received only water and an injection of MCT; 
RARW rats, n=5, received only reduced-alcohol wine; MCT-treated rats 
(MCT+RARW), n=7, received daily reduced-alcohol wine; RW rats, n=4, 
received only regular wine; MCT-treated rats (MCT+RW), n=7, received daily 
regular wine. 

The total duration of the study was 35 days, which included 7 days of pre-
treatment with reduced-alcohol wine, regular wine, or water, and 28 days 
following MCT-induced PAH injection. Echocardiography was performed on all 
the rats on day -7 and again on day 28 (Figure 2). The stability of the wine was 
tested during the experimental period twice a week for 4-weeks. After the 28 
days, the animals were anaesthetised, blood samples were collected by 
cardiac puncture, biometric measurements were carried out and the hearts 
were separated into right ventricle (RV) and left ventricle (LV) plus septum for 
histology, as previously described (34). 

 

Echocardiography 

For echocardiography, the rats were anaesthetised with 4% isoflurane gas, to 
induce deep unconsciousness which was maintained with 2% isoflurane via 
nose cone delivery, with oxygen at a flow rate of 1.5L/minute. Rats were 
reclined in a dorsal position and secured to a warm pad to keep their body 
temperature between 36.5 ºC and 37.5 ºC. The tail was covered to reduce heat 
loss. The chest was shaved, and a warm ultrasound gel was applied. The 
following parameters were measured: diastolic thickness of RV from a long 
and short axis view, pulmonary artery acceleration time (PAAT), peak flow from 
the pulmonary artery, and A and E waves as well as tricuspid annular plane 
systolic excursion (TAPSE) from a 4-chamber apical view using VEVO 2100 
Visualsonics, Inc.  
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