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The human mind is not a vessel to be filled, but a fire to be kindled. 

Plutarch, Greek Historian 
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ABSTRACT 

The assessment of LV systolic and diastolic properties poses significant challenges in the setting of 

rheumatic mitral stenosis (MS) owing to the inherently load-altered state. While pulmonary hypertension 

(PH) is a common finding and inter-ventricular interactions are well documented, a detailed 

characterization of arterial-ventricular coupling in subjects with isolated post-capillary (Ipc-PH) and 

combined pre- and post-capillary PH (Cpc-PH) has not been described. In recent times, diastolic 

pulmonary pressure gradient (DPG), a proposed measure to distinguish these two PH sub-groups, has 

come under scrutiny owing to the common occurrence of negative DPG values (DPGNEG). Further, the 

prognostic implications of DPGNEG are relatively obscure. Mitral Annular (MA) geometry in MS, and 

potential alterations associated with percutaneous transvenous mitral commissurotomy (PTMC) remain 

unclear. The studies in this thesis aim to provide insights into these understudied aspects of MS using 

novel hemodynamic and echocardiographic modalities. 

 

In Study I, we assessed load-independent indices of LV performance using the single-beat method in 106 

MS subjects employing simultaneous bi-ventricular catheterization and echocardiography. MS subjects 

showcased significantly elevated arterial load, LV contractility and stiffness as compared with controls. 

Afterload was inversely associated with the severity of stenosis. Both LV elastance (Ees) and arterial 

elastance (Ea) returned to more normal levels immediately after PTMC, while LV stiffness demonstrated 

a further rise. In Study II, we analysed systemic arterial-ventricular (AV) coupling in PH subjects among 

106 MS patients. Compared with Ipc-PH subjects, the Cpc-PH group demonstrated elevated Ea and AV 

uncoupling, as expressed in an elevated Ea/Ees ratio. Further, Ea was associated with reduced LV 

deformation in both septal and lateral LV segments, whereas the impact of the RV on the LV was limited 

to the septum. In Study III, 316 subjects with left heart disease (LHD) due to primary myocardial 

dysfunction or valvular disorders were studied to clarify the physiological and prognostic implications of 

DPGNEG. DPGNEG was observed in 48% of 256 subjects with PH due to LHD. V-wave amplitude in the 

pulmonary artery wedge pressure (PAWP) curve was inversely associated with DPG at lower pulmonary 

vascular resistance (PVR), but not at higher levels. Subjects with DPGNEG showcased better prognosis as 

compared with positive, unelevated (< 7mmHg) DPG. In Study IV, mitral annular geometry was studied 

in 57 MS subjects undergoing PTMC employing 3D echocardiography. MS subjects demonstrated a more 

circular and flatter annulus, with significantly larger orthogonal diameters, annular circumference and 

area. Annular non-planar angle and displacement demonstrated a tendency to normalize after PTMC. 

Subjects that developed higher grades of mitral regurgitation (MR) after intervention demonstrated larger 

baseline annular antero-posterior diameter and area. 

 

In conclusion, systemic AV coupling offers novel insights in the setting of MS, pre- and post-

intervention, and between its PH subgroups. DPGNEG can be attributed to tall V-waves in the PAWP 

waveform. MA geometry is deformed in MS, demonstrates a tendency to normalize after PTMC, and may 

be associated with significant post-interventional MR. 

 

Key Words: Mitral stenosis, Elastance, Stiffness, Pulmonary hypertension, Diastolic pressure gradient, 

V-wave, Mitral Annulus. 
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INTRODUCTION 

Global Prevalence 

Acute Rheumatic Fever (ARF), a delayed inflammatory response to group A β-

haemolytic streptococcal pharyngitis, continues to impose a significant health burden 

across the globe. According to the World Health Organization (WHO), at least 15.6 

million individuals are afflicted by rheumatic heart disease (RHD) world over, and 

233,000 deaths are attributed to ARF or RHD annually.
1, 2

 Figure 1 provides a visual 

display of global prevalence of this disease in children. 

 

RHD impacts young individuals during their most productive age, leading to personal 

and societal loss, and direct and indirect costs to global economies. Common 

expressions of morbidity include stroke, arrhythmia and infective endocarditis. A 

number of individuals require repeated hospitalization for congestive heart failure, and 

imminent cardiac surgery. Although the last few decades have witnessed a dramatic 

decline in the incidence of ARF in the industrialized world, this disease continues to 

afflict socially and economically disadvantaged populations in developing countries.
3
 

 

 
Figure 1. Global prevalence of rheumatic heart disease in children aged 5 to 14 years. 

Lancet Infect Dis. 2005;5:685-694. Used with permission 
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Pathogenesis of Rheumatic Fever 

The severity of clinical manifestation of ARF is governed by the genetic susceptibility 

of the host, the virulence of the infecting organism and conducive nature of the 

environment.
4
 Although the autoimmune nature of this disease is fairly established, the 

precise pathogenic mechanism has not been clearly described. The absence of an animal 

model and lack of conclusive evidence to suggest cross-reactive antibodies in a 

laboratory setting pose challenges to complete understanding of this disorder.  

 

In a predisposed host, molecular mimicry directs an immune response against the 

streptococcal antigen,
5
 leading to a cross-reactivity between host antibodies and host 

myocardium, basal ganglia and synovial tissue.
6
 Numerous socio-economic and 

environmental factors are known to play an indirect role in the severity of affliction and 

progression of disease. Overcrowding, lack of hygiene, inadequate awareness and poor 

health infrastructure all contribute to the relatively early manifestation of cardiac 

sequelae. 

 

Natural History of Mitral Stenosis 

RHD is considered the most common cause of mitral stenosis (MS), marked by scarring 

and fibrosis of the mitral valve and subvalvular apparatus, leading to narrowing of the 

orifice. The cylindrical mitral apparatus assumes a more conical presentation in diastole 

in the process. Although a number of patients with MS do not report a history of 

rheumatic fever,
7
 surgical pathological excisions demonstrate that over 99% of operated 

subjects demonstrate rheumatic association.
8-10

 Severe MA calcification leading to 

hemodynamically significant stenosis is seen in less than 3%,
11

 and congenital MS in 

less than 1% of mitral stenosis cases. Rare presentations are seen in carcinoid disease,
12

 

Fabray’s disease,
13

 mucopolysaccharidosis,
14

Whipple’s disease
15

and gout.
16

 

 

The intervals between the first attack of ARF and symptomatic MS vary greatly with 

geographic distribution. European subjects undergoing mitral interventions for MS 

generally present in their fourth and fifth decades as compared to subjects from South 

Africa, India and China, where the mean age is 27 to 37 years.
14, 17

 The mean age of 

subjects in the studies compiled in this thesis was in the early thirties. 
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Pathophysiology 

The normal mitral valve comprises two leaflets that permit a free flow of blood from the 

left atrium (LA) to the left ventricle (LV) in diastole, with little build-up of undue 

pressure. As the valve narrows, however, certain pathophysiological changes are 

exerted by the valves on the adjacent chambers, both upstream and downstream. 

 

From an anatomical stand-point, MS is best characterized by a fusion of the 

commissures at the junctions of the anterior and posterior mitral leaflets. Additionally, 

thickening and fibrosis of the mitral valve leaflets and a shortening and fusion of the 

subvalvular chordal apparatus are observed, often superimposed by calcification (Figure 

2). Flow is obstructed by a combination of diseased valvular and subvalvular 

components.
18

 The resultant obstruction caused by these components leads to an 

increase in the diastolic pressure gradient between the LA and the LV, with mean 

transmitral gradients of up to 10 to 25mmHg in subjects in severe MS at rest.
19, 20

 

 

Figure 2. LA perspective of mitral valve demonstrating thickened leaflets and fused commissures (left 

panel). Autopsy specimen demonstrating valvular and subvalvular disease (right panel). Source: 

Wikimedia Commons. Copyright Restrictions: None.https://en.wikipedia.org/wiki/Mitral_valve_stenosis. 

 

An upstream increase of pressure in the LA and pulmonary venous hypertension ensues 

owing to the narrowed mitral valve. This is transmitted in a retrograde fashion to the 

pulmonary vascular bed. A secondary rise in pressures of the pulmonary artery (PA) to 

maintain forward flow across pulmonary circulation leads to pulmonary hypertension 

(PH), and elevated right ventricular (RV) afterload.  

 

Downstream, the LV is privy to altered diastolic filling patterns depending on the extent 

of stenosis.  The LV function in the setting of MS has been highly debated, with certain 

studies suggesting an impaired function on account of a “myocardial factor”, or damage 
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to the myocardium owing to rheumatic fever, 
21-23

 and others suggesting a more normal 

function. An altered hemodynamic state expressed in a combination of diminished 

preload secondary to the obstruction, and increased afterload as a consequence of 

peripheral vasoconstriction secondary to reduced output and elevated LV wall stress, 

makes the assessment of left ventricular function a challenge. 

Assessment of LV Systolic Function 

An accurate assessment of LV performance is central to cardiac hemodynamics. The 

evaluation of the intrinsic contractile properties of the LV is challenging, and dependent 

on the loading state. Common ejection phase indices such as ejection fraction (EF), 

stroke volume (SV) and mean velocity of circumferential fibre shortening are well-

known to be impacted by changes in afterload.  

 

While most methods of assessing LV function are dependent on loading conditions, 

arterial-ventricular (AV) coupling provides a robust method immune to the influences 

of preload and afterload on contractility. The basic premise on which the concept of AV 

coupling is built suggests that the efficiency of the cardiovascular system is governed by 

the interaction between the heart and systemic circulation to maintain a certain output 

and pressure for adequate organ perfusion.
24, 25

 When the heart and arterial tree are 

coupled for maximal efficiency, blood that is pumped out matches the ability of the 

vascular system to accommodate it, ensuring optimal energetics.
26, 27

 This matching 

between LV workload and the arterial propensity to receive this volume is quantified as 

AV coupling analysis. AV coupling is given by the ratio between arterial elastance (Ea) 

and left ventricular elastance (Ees), two measures that are indicative of LV afterload and 

contractility respectively. These will be further elucidated in the following passages, in 

the context of pressure-volume (PV) loops. 

 

Cardiac Cycle 

An understanding of the principles of PV loops begins with a brief description of the 

cardiac cycle. The cardiac cycle, defined as the sequence of events from the onset of 

one heart beat to the following beat, can be broadly divided into a systolic phase and a 

diastolic phase. Systole, derived from the ancient Greek συστέλλειν (sustellein, to 

contract), refers to the period of contractility during which the ventricle converts from a 

relaxed state with cross-bridges uncoupled, to one of maximal cross-bridge interaction. 

Diastole, derived from Greek word διαστολη (diastolí̱, dilation), refers to the time 
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period during which the ventricle converts from a maximally activated state to a 

completely relaxed state. Systole can be further broken down to include an isovolumic 

contraction phase, when the ventricle is contracting and the AV and semilunar valves 

are shut, and an ejection phase when ventricular pressures exceed pressures in the aorta 

and pulmonary artery, marked by the opening of the semilunar valves and the expulsion 

of blood into the systemic and pulmonary vessel system respectively. Likewise, diastole 

can be further classified to include a period of isovolumic relaxation, when the AV and 

semilunar valves are shut and the ventricle continues to relax; ventricular filling, as 

ventricular pressure drops below atrial pressure and the AV valves open; and finally, 

atrial contraction. 

 

Wiggers Diagram 

The flow of blood through the chambers of the heart and into the vessel system is 

governed by changes in intracardiac pressure and volume. The Wiggers diagram, a 

seminal illustration used in cardiovascular physiology, permits a detailed 

characterization of the cardiac cycle through the coordinated relationships of 

intracardiac pressures and volumes over time (Figure 3). In this graph, the X-axis is 

used to plot time, and the Y-axis plots instantaneous aortic pressure, LV pressure, atrial 

pressure, LV volume in addition to displaying the electrocardiogram (ECG). Pressures 

in the right heart are generally lower than the left heart. For the purpose of this 

discussion, we will confine ourselves to the left system. 
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Soon after atrial contraction marked by the P wave on the electrocardiogram, both LV 

pressure (LVP) and LV volume (LVV) are relatively constant and aortic pressure (AoP) 

demonstrates a gradual decline with the movement of blood from the large vessels to 

the capillaries. With the onset of ventricular depolarization, a steep rise in LVP is 

observed during contraction. When LVP rises above Left Atrial Pressure (LAP) (A), the 

mitral valve shuts. A short time elapses before the LVP rises above the aortic pressure 

(AoP), when the aortic valve opens (B). This phase, during which the ventricle is 

contracting at a constant volume is termed the isovolumic contraction phase. With the 

opening of the aortic valve, the left ventricular volume (LVV) begins to decline as 

blood is ejected into systemic circulation, and LVP and AoP follow a similar pressure 

pattern until the descending limb of the LV pressure wave form dips below the AoP. 

This marks the closure of the aortic valve and culmination of the contractile phase (C). 

A rapid decrease in LVP follows, during which both mitral and aortic valves are shut 

for a brief period. This phase, termed as the isovolumic relaxation phase, ends when the 

LVP dips below LAP, triggering mitral valve opening and diastolic filling, leading to a 
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subsequent increase in LVV (D). The cycle repeats in a subsequent pressure wave form 

with the onset of atrial contraction towards the end of diastole. 

 

Pressure-Volume Loop 

While the Wiggers diagram plots pressures and volumes as a function of time, a 

pressure-volume (PV) loop plots simultaneous LVP and LVV on appropriately scaled 

X- and Y- axes respectively (Figure 4). This method, employed as early as the late 

1700s to study thermodynamics and the efficiency of steam engines, has now realized 

useful application in cardiovascular and respiratory physiology. Each cardiac cycle can 

be represented in a single loop, beginning with the point corresponding with maximal 

end-diastolic volume and minimal pressure at the bottom right corner (A). This point 

corresponds with end-diastole. Moving counter-clockwise, there is an initial rise in 

pressure at constant volume, corresponding with the isovolumic contraction phase. LVP 

exceeds AoP at point B, which also initiates ejection. Once the ventricle has achieved 

its maximally activated state (C), LVP falls below AoP, leading to aortic valve closure. 

After a period of isovolumic relaxation, marked by a steep decline in LV pressures at 

constant volume, the LV pressure dips below LAP (D), leading to the opening of the 

mitral valve and subsequent ventricular filling. This cycle repeats itself with every 

subsequent beat. 

 

 

 

 

Figure 4. Schematic of a left ventricular pressure-volume loop. A) end-diastole, B) 

onset of ejection, C) end-systole and D) onset of diastolic filling. 
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A number of useful physiologic measurements can be obtained from this lucid depiction 

of ventricular energetics. End-diastolic volume (EDV) and end-systolic volumes (ESV) 

can be identified from the two ends of the loop along the X-axis, and SV can be 

calculated as the difference between these two variables. Along the Y-axis, diastolic 

blood pressure (DBP) can be obtained at point B, when LVP exceed AoP, and systolic 

blood pressure (SBP), at the highest loop point along the Y axis. An additional 

measurement, the end-systolic pressure can be identified at point C, during maximal 

excitation-coupling. The importance of this point is further elucidated below.  

 

LV Elastance and Stiffness 

Left ventricular contractility can be estimated by Ees, a relationship between 

simultaneous pressure and volume during maximal excitation. Stiffness represents a 

similar relationship when the LV is maximally relaxed. During the course of the cardiac 

cycle, the ventricle alternates between a contractile and relaxed state, moving from a 

state of maximal excitation during end-systole to minimal stiffness during diastole. This 

time-varying characteristic of stiffness observed in the ventricle can also be studied 

employing PV loops, and are referred to as end-systolic pressure volume relationship 

(ESPVR) and end-diastolic pressure volume relationship (EDPVR) respectively. When 

plotted on a graph, these two relationships define the boundaries of the pressure volume 

loop under varying loading situations. 

 

ESPVR and EDPVR 

During end-systole, the LV experiences a state of maximal contraction, marked by a 

markedly stiffer chamber. Assuming that the heart is frozen in this state of maximal 

excitation, one can construct a linear relationship employing the end systolic pressure-

volume coordinate and the volume-axis intercept V0. This relationship can be expressed 

by the equation:  

 

Pes=Ees (V-V0) 

 

Where Pes represents LV end-systolic pressure (sometimes abbreviated as LVESP), Ees 

represents slope of linear equation termed end-systolic elastance, V represents the 

volume of interest and V0, the volume at zero pressure. The resultant ESPVR marks the 

left hand corner boundary for the pressure volume loop. This, along with EDPVR that 
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frames the bottom right hand corner, provides a framework to assess ventricular 

mechanistic behaviour. (Figure 5)  

 

Ees is influenced by biochemical changes in cardiac tissue secondary to stress, aging and 

disease, providing valuable information on LV performance in the absence of loading 

factors. In addition, a broad overview of pump mechanical and energetic efficiency is 

provided by the parameter Ea/Ees, which describes AV interaction. 

 

 

 

 

During end-diastole, the LV experiences a state of complete relaxation, comparable 

with a flaccid balloon. With an initial rise in volume, there is no corresponding rise in 

pressure, just as a balloon accommodates an initial air volume offering minimal 

resistance. The maximal volume at no pressure is termed as V0. Beyond this point, 

pressure increases with an increase in volume, and quantitative studies have suggested 

that pressure and volume demonstrate a non-linear relationship given by the equation:  

 

Ped= P0 + β V
α
 

 

Where Ped represents end-diastolic pressure, P0 represents the pressure asymptote at no 

volume, α and β are constants that describe the curve and V represents volume in the 

ventricle. The resultant curvature that is the outcome of this non-linear function defines 
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Figure 5. The ESPVR and EDPVR provide a framework for ventricular performance 

assessment. 
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the boundaries for the pressure volume loop during end-diastole and is termed the 

EDPVR. The EDPVR slope shifts in pathological states, with a steeper slope 

corresponding with a stiffer ventricle during maximal relaxation. 

 

Single-beat Method 

The conventional method to assess pressure-volume loops employs conductance 

micromanometers to alter right-heart loading through a transient occlusion of the 

inferior vena cava. The resultant creation of multiple instantaneous pressure-volume 

loops allows for study of ESPVR and the Ees provides a faithful representation of 

cardiac interaction with the systemic vasculature.
28-33

 Unfortunately, the time-

consuming, skill and resource-intensive nature of this method has limited its broader 

application in the evaluation of patients with heart failure. 

 

In more recent times, several approaches have been introduced to measure Ees without 

loading interventions.
34-36

 These techniques, referred to as single-beat methods, offer the 

additional potential of being acquired non-invasively, and can be estimated from steady-

state data.
35

 The algorithm we have employed in study I and study II was first 

introduced by Chen and colleagues,
37

 and assumes a linear ESPVR and a constant 

volume axis intercept. In our studies, however, we have acquired LV volumes using 

echocardiography, and pressures using catheterization. This is explained in greater 

detail in the methods section of this thesis. 

 

As stated earlier, EDPVR is an indication of the amount of diastolic filling for a 

specified filling pressure and characterizes passive ventricular properties of the LV, 

independent of loading. In Study I, we have employed two methods to assess these 

properties. The first algorithm was developed and validated by Kelly and colleagues, 

and derives a common volume-normalized EDPVR curve from a single end-diastolic 

PV point.
38

 The second method, developed by Kass and colleagues is the simple ratio 

between LV end-diastolic pressure (LVEDP) and indexed LV end-diastolic volume 

(LVEDVi).
39

  

 

Arterial Elastance 

Mean vascular resistance, the most common expression of arterial load, does not take 

into consideration the pulsatile nature of pressure and flow. A more accurate 

description, first described by Sunagawa and colleagues,
40, 41 is that of effective arterial 
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elastance (Ea), which incorporates peripheral resistance, total lumped vascular 

compliance, impedance and systolic and diastolic time intervals. This useful measure of 

arterial load can be approximated using the simple ratio between end-systolic pressure 

obtained by pressure-volume (PV) loops divided by stroke volume (Pes/SV). Given that 

this shares common units with Ees, it has been found to be useful in describing arterial-

ventricular interaction. Importantly, the method employed in our studies has been 

validated in humans against invasively-acquired PV data under a variety of altered 

loading conditions.
42 

LV Performance in MS 

LV performance in the context of MS has been an issue of debate for decades. While 

certain studies have suggested a depressed LV function, others have described LV pump 

performance as normal. These conflicting impressions may, in part, be attributed to the 

load-dependence of assessment methods employed in these studies. MS showcases an 

altered loading state, where chronic LV under-filling and peripheral vasoconstriction 

secondary to reduced SV can impact the measurement of LV contractility. The 

combination of altered preload and afterload in this setting provide a fertile context to 

employ load-independent measures to assess LV systolic and diastolic function. The use 

of the single-beat method to assess Ees, Ea as a measure of afterload proposed by Kelly 

and colleagues,
42

 and diastolic stiffness are of particular value. It is also of interest to 

study the alterations in these properties with percutaneous intervention. In Study I, we 

aimed to assess all these properties of LV performance in the setting of MS. 

Pulmonary Hypertension  

PH is commonly associated with MS, and contributes to elevated mortality and 

morbidity seen in subjects with LHD.
43-45

 The obstruction of free flow of blood between 

the LA and LV as the mitral valve narrows generates further pressure differences in 

diastole between these two chambers. The LA pressure rises as a result of the increased 

gradient added onto LV end-diastolic pressure, leading to LA dilatation. A backward 

transmission of pressure ensues, first expressed as pulmonary venous hypertension, and 

subsequently, with an elevation of pressures in the pulmonary capillary bed, PH. 

According to the current PH recommendations, PH in this setting is classified as group 

2 PH, or PH due to left heart disease (PH-LHD), characterized by a mean pulmonary 

artery pressure (PAPm) ≥ 25mmHg and mean pulmonary artery wedge pressure 

(PAWPm) > 15mmHg.
46
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Two subgroups have been described among subjects with group 2 PH. Generally, the 

elevation of pressures in the pulmonary artery is proportional to the rise in pressure in 

the LA. This type of PH is termed isolated post-capillary pulmonary hypertension (Ipc-

PH) However, in subjects with long-standing disease, structural changes in the 

pulmonary capillary bed result in a superimposed pre-capillary component, currently 

termed combined pre-capillary and post-capillary pulmonary hypertension (Cpc-PH). 

The elevated afterload imposed on the RV in the latter scenario results in RV 

remodelling and eventual impaired function. Hence, Cpc-PH has been associated with 

poorer prognosis and interventional outcome as compared to Ipc-PH.
47, 48

 

Ventricular Interdependence 

The LV and RV are inter-dependent, with changes in one chamber exerting an influence 

on the other through distinct pathways. First, the ventricles are enclosed by a fibrous 

pericardium and share a common septum. The impact of the RV on septal deformation 

has been studied earlier.
49

 Second, the ventricles are also inter-connected via the 

systemic and pulmonary vasculature. A reduced RV output would lead to a subsequent 

decrease in LV output. Considering the differential influences of loading imposed on 

the RV in the PH-LHD subgroups, it would be relevant to study the indirect impact of 

this loading on the LV. However, the possibility of altered systemic AV interactions has 

been inadequately studied in this setting. In Study II, we hypothesized that the 

differential RV loading states in the two PH subgroups may also showcase distinct 

changes in left-sided AV coupling, and aimed to characterize these two groups based on 

their systemic alterations.  

Hemodynamic Distinguishers of PH Subgroups 

As stated earlier, subjects with Cpc-PH demonstrate markedly poorer outcomes as 

compared with Ipc-PH. Hence, the accurate distinction of these two PH-LHD groups is 

imperative to optimal patient management. A number of hemodynamic variables have 

been proposed to distinguish the two PH subgroups. The most commonly employed 

variables include pulmonary vascular resistance (PVR) and transpulmonary gradient 

(TPG), both derived from invasive data.  

 

TPG is given by the difference between pulmonary artery mean pressure and wedge 

pressure (PAPm – PAWPm), and employs a cut-off value of > 12mmHg to identify 
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subjects with Cpc-PH. PVR is expressed as the ratio between TPG and cardiac output 

(CO), and employs a value of > 2.5 to 3 Wood Units to identify Cpc-PH.
50

 

 

However, both these variables are influenced by left atrial mean pressure (LAP) and 

SV,
51

 and ignore the pulsatile nature of the pulmonary circulation. Hence, their 

specificity has come under scrutiny. Diastolic pulmonary pressure gradient (DPG), 

given by the difference between the diastolic pulmonary artery pressure and the 

pulmonary artery wedge pressure (PAPd - PAWPm), is known to be less affected by 

these changes and hence, recommended as a more reliable measure.
51, 52

 In a large study 

involving subjects with post-capillary PH and TPG > 12mmHg, Gerges and colleagues 

demonstrated that subjects with DPG ≥ 7mmHg demonstrated worse median survival as 

compared with those that had DPG < 7mmHg. Additionally, a review of lung 

histologies demonstrated more advanced pulmonary remodelling in the former group.
48

 

Subsequently, during the Fifth World Symposium on Pulmonary Hypertension, DPG 

was recommended as a high-fidelity marker of pre-capillary morphological alterations.
52

 

However, two recent large-scale studies in recent times have failed to confirm the 

prognostic capability of DPG.
53, 54

 Further, the high incidence of negative DPG values 

has raised concern about its use.
55, 56

 

 

DPGNEG has been reported in a number of studies. Wilson et al. reported a DPGNEG in 

close to 20% of critically ill patients
57

 and Tampakakis and colleagues observed a 

DPGNEG reading in approximately one-third of their subjects.
53

 Given the relatively low 

absolute value of DPG, even small errors in the measurement of PAPd or PAWPm are 

likely to influence this reading. Inaccurate wedging of the PA catheter, and integration 

of a significant mitral regurgitation signal can overestimate PAWPm, thereby creating 

falsely low values of DPG, making it prone to methodological error. In Study III, we 

hypothesized that the presentation of DPGNEG may also be attributed to the occurrence 

of large V-waves in the PAWP waveform. Further, we aimed to explore the physiologic 

and prognostic implications of DPGNEG in a cohort of subjects with PH-LHD. 

Atrial Waveform 

A basic understanding of the atrial pressure waveform is important in this context. A 

normal waveform is comprised of three positive and two negative deflections (Figure 

6). The first positive deflection, or A-wave, is caused by atrial contraction and occurs 

60-80 milliseconds after the P-wave on the surface ECG. In the PAWP waveform, 

however, a time delay is observed as the wave is transmitted backwards from the LA, 

and this waveform is seen approximately 200 milliseconds after the ECG P-wave. Soon 
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after atrial contraction, the decay of the A-wave is represented by the X-descent as the 

atrium relaxes. The next rise in atrial pressure occurs when the atrioventricular valve 

bulges into the atria with the onset of isovolumic contraction. This positive deflection is 

referred to as the C-wave. The C-wave, however, can often be difficult to identify in the 

PAWP waveform owing to motion and respiratory artifacts. The continued decay of the 

pressure waveform after this brief upstroke is called the X′-descent (X-prime) and can 

be attributed to continued atrial relaxation. The third positive deflection in the atrial 

waveform is the V-wave, and this corresponds with an increase in atrial pressure with 

filling during ventricular systole. The peak of the V-wave corresponds with the T-wave 

on the surface ECG. Finally, the decay of the V-wave, or Y-descent, corresponds with a 

reduction in atrial pressure as blood flows rapidly into the ventricle in early diastole.  

 

V-wave amplitude is determined both by chamber compliance and the volume of blood 

entering the LA.
58, 59

 Importantly, the relationship between pressure and volume in the 

LA follows an exponential rather than a linear relationship. At lower LAP, a given 

volume entering the LA corresponds with a marginal increase in pressure. However, the 

same volume results in a much higher pressure increase in subjects with high LAP.
60

 

While large V-waves are generally found in subjects with significant mitral 

regurgitation,
61

 they can also be found in MS
62

 and in subjects with LV dysfunction. 

 

 

 

Mitral Annular Geometry 

The mitral apparatus comprises interdependent components that work in harmony to 

establish normal valve function. These include the mitral annulus (MA), mitral leaflets, 
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chordae tendinae, papillary muscles and LV wall.  The MA has been inadequately 

studied in the setting of MS, although early studies have suggested a reduced annular 

displacement in these subjects.
63

 The understudied nature of the MA in this setting can 

be attributed to a number of reasons. First, RHD is considered as an affliction of the 

cusps, commissures and chordae, leaving the MA relatively unaffected. In addition, the 

MA demonstrates a complex 3-dimensional geometry that poses significant challenges 

using conventional echocardiographic methods. Current day technology permits a more 

detailed evaluation of the MA employing 3D transthoracic echocardiography (3D TTE). 

The availability of matrix-array probes that acquire pyramidal volume datasets, and 

commercially available software that generate a 3-dimensional structure of the MA 

from these datasets makes the assessment of the MA an attractive, feasible option. 

 

PTMC is the intervention of choice in subjects with significant MS, and 

echocardiography plays an important role in the selection of patients with optimal valve 

morphology for percutaneous intervention. The Wilkins score, a morphological score 

that considers valve mobility, thickening, calcification, and subvalvular disease, is 

commonly employed in centres that routinely perform PTMC.
64

 Further, the 

development of acute mitral regurgitation during the intervention procedure has also 

been linked to the apparatus morphology. Padial and colleagues have suggested an 

echocardiographic score to predict the development of severe mitral regurgitation, 

combining the assessment of uneven distribution of thickness in the anterior and 

posterior mitral leaflets, in addition to commissural calcification and subvalvular 

disease.
65

 Study IV was conducted to perform a detailed 3D assessment of the MA in 

subjects with MS. In addition, we studied changes in MA structure after percutaneous 

mitral valve intervention, with an interest to determine if changes in MA structure may 

be associated with subjects that develop significant mitral regurgitation. 
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AIMS 

The aim of this thesis was to investigate LV performance, arterial-ventricular 

interactions and characterize structural alterations in MS using novel hemodynamic and 

echocardiographic modalities. In keeping with this objective, four studies were 

designed. 

 

In Study I, we hypothesized that LV performance is altered in MS and aimed to assess 

systolic and diastolic LV function employing load-independent indices. In addition, we 

studied alterations to these properties immediately after PTMC. 

 

In Study II, we hypothesized that MS subjects with Ipc-PH and Cpc-PH showcase 

distinct systemic AV interactions secondary to differential RV loading, considering 

ventricular interdependence. We aimed to characterize these differences employing Ees 

and Ea properties. 

 

In Study III, we hypothesized that the occurrence of DPGNEG can be attributed to large 

V-waves in the PAWP waveform. We aimed to clarify the physiological and prognostic 

implications of DPGNEG in a large cohort of subjects with PH-LHD. 

 

In Study IV, we hypothesized that MA geometry is altered in the setting of MS and 

aimed to characterize its structure employing 3D echocardiography. In addition, we 

aimed to study morphological alterations to MA geometry after PTMC and compare 

subjects that developed higher grades of MR with those that did not develop significant 

MR after intervention.  
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SUBJECTS AND METHODS 

Study Population 

All subjects in the four studies included in this thesis were prospectively 

enrolled. In study III, a subset of subjects was studied retrospectively. Studies I, 

II and a sub-group of study III were based on the same subject population. 

Studies I, II, III and IV comprised consecutive MS patients in sinus rhythm 

referred to the Sri Sathya Sai Institute of Higher Medical Sciences, Bangalore, 

India for PTMC. In addition to these subjects, study III included a patient cohort 

with heart failure due to left heart disease referred to the Karolinska University 

Hospital, Stockholm, Sweden for right heart catheterization. MS subjects with 

atrial fibrillation, concomitant aortic valve disease, > grade 1 mitral 

regurgitation, documented ischaemic heart disease, systemic hypertension or 

diabetes mellitus were excluded from the study.  

 

All four studies were performed in accordance with standards laid down in the 

1975 declaration of Helsinki and were approved by the local ethics committee at 

the Sri Sathya Sai Institute of Higher Medical Sciences, Bangalore, India. 

Additionally, Study III was approved by the ethics committee at the Karolinska 

University Hospital, Stockholm, Sweden. A brief summary of patient 

characteristics is presented in Table 1. A more detailed description appears in 

each paper.  

 

Table 1. Overview of patient characteristics. 

 

 
Study I Study II Study III 

 
Study IV 

Subjects (n) 106 106 256 58 

Mean Age (years)* 32 ± 8 32 ± 8 50 ± 19 33 ± 8 

Female/Male (n) 77/29 77/29 51/205 41/17 

Controls (n) 40 40 0 20 
 

*Data are mean ± SD 

n, denotes number; SD, standard deviation 
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Echocardiography 

All subjects underwent a transthoracic echocardiogram using a commercially 

available Vivid E9 system (GE Ultrasound, Horten, Norway) in keeping with 

current guidelines. In studies I and II, MS subjects underwent simultaneous TTE 

using a 2.5 MHz transducer during biventricular catheterization. In study IV, a 

4V matrix array probe was used to acquire full-volume datasets. All images 

were acquired over 3 heart cycles and analyzed offline on a dedicated 

workstation (EchoPAC PC, version 11.0.0.0 (GE Ultrasound, Waukesha, 

Wisconsin)) by a single echocardiographer blinded to patient data. 

 

In Study I, 2D echocardiographic images were captured in the parasternal and 

apical views during end-expiration. LV end-diastolic volume, end-systolic 

volume and ejection fraction were measured employing the Simpson’s biplane 

method. Stroke Volume was obtained by multiplying the cross-sectional area of 

the left ventricular outflow tract (LVOT) with the velocity time integral obtained 

using Pulse Wave Doppler. Mitral valve area was obtained by planimetry and 

mitral regurgitation was assessed semi-quantitatively. Mean transmitral gradient 

was measured using continuous wave Doppler, and the Wilkins score was 

employed to assess the suitability of valve morphology for percutaneous 

intervention. One set of images was acquired on-table prior to balloon inflation, 

and repeated within a 5-minute window after inflation simultaneously with 

invasively-measured pressure readings. Images were acquired in the supine 

position in controls, simultaneously with non-invasive arm-cuff pressure 

measurements. 

 

In Study II, in addition to the above measurements, indices of RV size and 

function were captured. Speckle tracking echocardiography was employed to 

measure longitudinal strain. The endocardial surface of the LV was carefully 

traced in the apical long-axis, apical 4-chamber and apical 2-chamber views. 

End-systole was marked by the aortic valve closure in the apical long-axis view. 

A region of interest was generated via an automated delineation of the mid-

myocardial and epicardial surfaces, and global peak-systolic strain and 

segmental peak-systolic strain in the septal and lateral walls of the LV were 

measured. 

 

In Study III, LV end-diastolic volume, end-systolic volume and ejection fraction 

were measured using the Simpson’s biplane method. LA volume was measured 
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at end-systole employing the biplane area-length method. Basal right ventricular 

internal end-diastolic diameter, right atrial area and tricuspid annular plane 

systolic excursion were measured as per recommendations. 

 

In Study IV, 3D full-volume, multi-beat datasets were acquired from the LV and 

MV focused apical 4-chamber view during end-expiration, ensuring a minimal 

frame rate of 15 frames per second. One set of images were acquired just before 

PTMC, and another repeated 24 hours after the procedure. Mitral valve area was 

assessed employing planimetry, transmitral gradient using continuous wave 

Doppler, and mitral regurgitation was graded by measuring the vena contracta in 

the magnified parasternal long axis view. Global peak systolic strain was 

measured employing speckle tracking echocardiography as previously described. 

Cardiac Catheterization 

In Study I and Study II, all MS subjects underwent biventricular catheterization 

simultaneously with echocardiography. In both studies, right heart 

catheterization was performed employing a 6 French Swan-Ganz catheter via the 

femoral vein. Right atrial mean pressure (RAPm), right ventricular systolic 

(RVPs) and diastolic pressure (RVPd), pulmonary artery systolic pressure 

(PAPs), diastolic pressure (PAPd), mean pressure (PAPm), and PAWPm were 

measured under fluoroscopic guidance after careful catheter calibration with the 

zero level set to the phlebostatic axis.  

 

Concurrently, a 6-French pigtail catheter was advanced via the femoral artery to 

measure the systolic, diastolic and mean arterial pressures, in addition to left 

ventricular end-systolic (LVESP) and end-diastolic pressures (LVEDP). Cardiac 

output (CO) was measured employing the estimated Fick’s method, and 

systemic vascular resistance (SVR) and PVR was measured. One set of readings 

were measured before, and one immediately after PTMC. All pressure tracings 

were stored and analyzed offline (WITT Series III, WITT Biomedical Corp., 

Melbourne, FL, USA) in all studies. Additionally in Study II, TPG and DPG 

were calculated. 

 

In Study III, right heart catheterization was performed using a 6 French Swan-

Ganz catheter employing jugular or femoral access. Right sided pressures were 

recorded as previously described after careful catheter calibration. Pressure 

readings were stored and analyzed offline. CO was measured using the Fick’s or 



20 
 

thermodilution method as appropriate. The maximal V-wave and A-wave 

velocities were derived from the PAWP tracings manually by a single 

experienced observer (AM) by averaging values over a minimum of 5 heart 

cycles at end expiration. Right ventricular stroke work index was calculated as 

RVSWi= (PAPm-RAPm)/SVi * 0.0136, where SVi denotes stroke volume index 

measured as: CO/HR/BSA. In 51 MS patients, simultaneous, beat-to-beat, LAP 

and PAWP tracings were obtained concurrently with right heart catheterization. 

The LAP was measured directly through the Mullins' sheath used during 

valvuloplasty. 

Percutaneous Transvenous Mitral Commissurotomy 

In studies I, II and IV, PTMC was performed using the Inoue balloon technique. 

Vascular access was obtained employing a 7-French sheath in the right femoral 

vein for transseptal access, and a 5-French sheath in the left femoral artery for 

left heart catheterization. Through the latter route, a pigtail catheter was 

advanced to the aortic valve, and subsequently into the left ventricle. Transseptal 

catheterization was performed using a 70-cm curved Brockenbrough needle 

introduced via an 8-French Mullins sheath-dilator combination. The Mullins 

sheath was inserted over a flexible J-tip guide wire and advanced to the superior 

vena cava. The Brockenbrough needle was then advanced through the Mullin’s 

sheath and dilator, and transseptal puncture was subsequently performed under 

fluoroscopic guidance. Prior to the procedure, a 24 to 28 mm Accura balloon 

catheter (Vascular Concepts, Halstead, UK) was chosen in accordance with the 

patient’s height using the following equation as a rule of thumb: 

 

Balloon size = Patient height (cm)/10 + 10 

 

An Inoue wire was introduced through the Mullin’s sheath into the LA and the 

sheath was removed. The stretched balloon catheter was then advanced over the 

wire and manoeuvred over echocardiographic or fluoroscopic guidance. The 

wire was removed and a stylet inserted to aid balloon navigation. Once in the 

LA, the balloon was advanced to the left ventricle across the mitral valve and 

inflated in a 3-stage step format. The distal portion of the balloon was inflated 

first, and the balloon pulled back to ensure stabilization beneath the mitral 

annulus. The proximal segment was inflated next, securing the position of the 

balloon across the mitral valve. Finally the central portion of the balloon was 

inflated. Commissural splitting and the development of mitral regurgitation was 
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closely monitored using echocardiography. A successful procedure was defined 

as a resultant mitral valve area of ≥ 1.5cm
2
 with < grade I increase in MR. 

Measurement of Load Independent Indices 

In Study I and Study II, load-independent indices of afterload, contractility and 

diastolic stiffness were employed. 

 

Ea, considered as lumped index of afterload in the time domain, was calculated 

as Ea = LVESP/SVDoppler where LVESP was derived from femoral artery systolic 

pressures (Psfem) given the equation LVESP = 0.9 * Psfem.
42

 

 

Given that Ea and Ees were calculated in the MS group using invasively-acquired 

systolic arterial pressures, as compared with non-invasive sphygmomanometry-

derived readings in controls, a validation study was performed. 

 

Ees, a load-independent index of contractility, was computed based on the 

validated single-beat method proposed by Chen.
37

 In this approach, Ees is 

calculated as Ees(sb) = [Pd - (ENd(est) * LVESP)] /[SV * ENd(est)] where ENd(est) 

represents group-averaged normalized Ees values obtained as a function of EF 

and the ratio between diastolic (Pd) and systolic (Ps) arterial pressure as 

described by the equation:   

 

ENd(est) = 0.0275 - 0.165 * EF + 0.3656 * (Pd/Ps) + 0.515 * ENd(avg) 

 

In this equation, ENd(avg) is given by a seven-term polynomial function:  

 

ENd(avg) =∑ai ∗ tNd
i

i=0

 

 

where summation is performed for i = 0 to 7, using values for ai of [0.35695; -

7.2266; 74.249; -307.39; 684.54; -856.92; 571.95; -159.1], respectively. In this 

equation, the tNd value was determined as the ratio of ejection (R-wave to flow 

onset) to the total systolic period (R-wave to flow termination), with the time at 

onset and termination of flow obtained from the pulsed Doppler in LVOT. AV 

coupling was calculated as Ea/Ees. 
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LV end-diastolic stiffness was arrived at using two independent methods as 

earlier proposed by Kass
26

 and Klotz.
38

 The first method assessed stiffness based 

on the ratio between simultaneously captured LVEDP and LVEDV. The second 

employed the single-beat method to investigate LV EDPVR. 

 

Validation Study 

As mentioned earlier, a validation study was required to overcome the major 

limitation of comparing indices derived from invasively-acquired pressures in 

MS subjects and non-invasive arm cuff pressures in controls in Study I and 

Study II. For this purpose, 14 subjects referred for PTMC had simultaneously 

measured brachial arm cuff pressures and invasive femoral artery pressures. The 

regression equation derived from the relationship between invasive and 

simultaneous arm cuff pressures was employed to generate predicted non-

invasive values for Ea (EaNI) and Ees (EesNI) in MS subjects. 

Statistical Analysis 

Statistical Package for Social Sciences (SPSS Inc. Chicago, IL) version 16.0 

(study I-III) and 23.0 (study IV) for Windows was employed for the statistical 

analysis. Continuous variables were expressed as mean ± SD or median and 

interquartile range and categorical variables in absolute values and percentage. 

The Shapiro-Wilk test was used to check normality. All tests were performed at 

95% confidence intervals and a p-value of < 0.05 was considered statistically 

significant. 

 

In Study I and Study II, continuous variables were compared using the paired 

Student t test or Wilcoxon test. Controls were compared with study subjects 

using the Mann-Whitney test. Correlations were performed using the Pearson 

two-tailed correlation. Multiple regression was used to identify independent 

confounders of LV end-diastolic stiffness. Mann-Whitney U test was used to 

compare predicted elastance with controls in the validation study. 

Methodological error was calculated as per the formula Err = (SDdiff * 

100%)/(total mean * √2) where SDdiff is the standard deviation of the difference 

between the measurements. 
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In Study III, comparisons of groups were performed with Mann-Whitney rank-

sum test. Receiver operator characteristics (ROC) analysis was performed. 

Survival was estimated in the retrospectively studied 123 subjects with Kaplan-

Meier non-parametric test and compared with log-rank test. Univariate and 

multiple Cox proportion hazards regression models were used to examine the 

effect of DPG on patients’ survival. Age, creatinine- and sex-adjusted survival 

curve estimates of the DPG were derived from stratified Cox models. 

 

In Study IV, continuous variables before and after intervention were compared 

using the paired Student t test. Controls were compared with study subjects 

using the Mann-Whitney test. Correlations between variables were performed 

using the Pearson two-tailed correlation. Intra- and inter-observer variability was 

performed on 10 subjects, and interclass coefficient and Bland-Altman analysis 

were performed to assess reproducibility. 
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RESULTS 

This chapter presents an overview of the results, with a more detailed exposition 

available in the attached manuscripts. 

 

LV Performance in MS 

Of the 120 subjects enrolled in Study I, 14 were excluded owing to procedural 

complications. 46% of the 106 subjects analysed presented with a valve area ≤ 0.8 cm
2 

and more than half the subjects demonstrated a Wilkins morphological score of > 8, 

suggesting a population with advanced disease presentation. All MS subjects were on 

prescribed medication, which included beta-blockers and a combined regimen of 

Amiloride and Furosemide. 

 

No significant differences in LVEDV were observed between MS patients and controls. 

MS subjects demonstrated markedly elevated LVESV, reduced SV and EF (p < 0.001 

for all 3 variables). Load-independent indices of LV contractility, stiffness and afterload 

before and after intervention are presented in Table 2.  

 

MS subjects displayed elevated contractility and afterload, measured by Ees and Ea 

values that were significantly higher than controls. (Figure 7) Ees demonstrated a 

negative association with SV (r = - 0.66; p < 0.001). Contractility did not vary between 

subjects with more severe and less severe presentations of MS. 

 

23% of the MS subjects demonstrated a reduced EF (≤ 55%). When divided into two 

groups based on EF, subjects with lower EF (≤ 55%; n = 25) demonstrated higher Ees (p 

= 0.01), Ea (p < 0.001) and subvalvular disease (p = 0.05) as compared to subjects with 

normal EF. 
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Table 2. Load-independent indices of LV performance and alterations after PTMC 

 

Variable Controls (n) MS Pre-PTMC (n) MS Post-PTMC (n) P 

E es INV (mmHg/mL)  4.1 ± 1.6 (95) 3.5 ± 1.3 (91) <0.001 

E esNI (mmHg/mL) 2.4 ± 0.6 (40) 3.7 ± 1.4 (95)* 3.2 ± 1.2 (91)* <0.001 

Ea INV (mmHg/mL)  3.1 ± 1.3 (101) 2.6 ± 1.1 (102) <0.001 

Ea NI (mmHg/mL) 1.5 ± 0.3 (40) 2.7 ± 1.2 (101)* 2.3 ± 1.0 (102)* <0.001 

LV Stiffness (mmHg/ml) 0.17 ± 0.04 (40) 0.23 ± 0.1 (99)* 0.26 ± 0.1 (102)* <0.001 

Beta (EDPVR) 5.84 ± 0.03 (40) 5.95 ± 0.17 (99)* 6.2 ± 0.52 (99)* <0.001 

Alpha (EDPVR) * 10
-11

(mmHg) 7.6 ± 7.7 (40) 35.2 ± 143 (99) 9.1 ± 2.52 (99)* <0.001 

 

E es INV, invasively derived LV elastance; E esNI ,non-invasively derived LV elastance; EaINVinvasively derived arterial elastance; EaNI,  

non-invasively derived arterial elastance; EDPVR, end-diastolic pressure-volume relation. p values indicate the significance of 

differences between pre- and post-PTMC data in the MS group. Significant difference between the control and pre- or post- PTMC 

MS group values are indicated in asterisks.  

 

 

Figure 7. Left ventricular end-systolic elastance (Ees) and arterial elastance (Ea) in severe rheumatic mitral stenosis 

(MS) as compared to normal subjects.MS subjects demonstrated significantly elevated Ees and Ea as compared to 

controls. Values shown here represent the mean for the two study cohorts.  

 

Ea was significantly elevated in MS as compared with controls (p < 0.001). Subjects 

with smaller valve areas (MVA ≤ 0.8cm
2
; n = 47) (Figure 8) or more severe 

morphological valve scores (WS > 9; n = 25) demonstrated significantly higher Ea as 

compared to those with less severe disease (Figure 7). In controls, a positive association 

was observed between Ea and preload, as represented by LVEDV (r = 0.60; p < 0.001), 

but a negative association was observed in the MS group (r = -0.73; p < 0.001), with a 

corresponding positive association with contractility (r = 0.74; p< 0.001). Further, Ea 

demonstrated a negative association with EF (r = -0.54; p < 0.001). 
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Figure 8. Ea was significantly higher is MS subjects with smaller valve areas 

LV Stiffness in MS 

MS subjects demonstrated a less compliant LV as compared to controls, with close to 

25% of subjects displaying elevated LVEDP ( > 16mmHg ) at baseline. LV stiffness in 

MS as calculated by employing a) the stiffness operant given by the ratio between 

LVEDP and LVEDV and b) the exponential component of the EDPVR stiffness curve 

(beta), demonstrated elevated values as compared to controls (p < 0.001 for both 

variables).  

 

LVEDP demonstrated a positive association with RVEDP (r = 0.43, p < 0.001). Further, 

RVEDP, Ea and indexed mitral valve area (MVAi) were found to be independent 

predictors of stiffness as given by the equation: Stiffness = 0.165 + 0.1 * RVEDP + 0.03 

* Ea – 0.147 * MVAi; r
2
= 0.41, (p < 0.001).  

Invasive Hemodynamics and Acute Alterations after PTMC 

MS subjects demonstrated markedly elevated intracardiac pressures, reduced cardiac 

output, and elevated systemic and pulmonary vascular resistances. Within 5 minutes 

after balloon inflation, with an increase in orifice area (0.8 ± 0.2 to 1.6 ± 0.2cm
2
; 

p<0.001), LA and PA pressures displayed a marked reduction (p < 0.001 for LAPm, 
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PAWPm, PAPs, PAPm), LVEDP demonstrated a significant increase with a concomitant 

rise in CI (p< 0.001 for both variables). 

 

As can be seen in Table 2, immediately after balloon inflation, both Ees (3.7 ± 1.4 to 3.2 

± 1.2mmHg/ml; p < 0.001) and Ea (2.7 ± 1.2 to 2.3 ± 1.0mmHg/ml; p < 0.001) 

demonstrated a tendency to normalize. Stiffness, on the contrary, displayed a significant 

rise after the procedure (0.87 ± 0.4 to 1.05 ± 0.4mmHg/ml; p < 0.001). Only 11 MS 

subjects demonstrated a reduction in stiffness after balloon inflation, and this sub-group 

demonstrated lower transmitral mean gradients (MVGmean: 15 ± 10 vs. 21±9 mmHg) 

and right ventricular pressures (RVPs 44± 10 vs. 63 ± 24mmHg) as compared to the 

group that demonstrated a post-procedural increase in stiffness (p < 0.05 for both 

variables). 

AV Interactions in PH secondary to MS 

Of the 120 subjects enrolled in Study II, 16 were excluded owing to procedural 

complications. Of the resultant 106 subjects, 94 fulfilled the criteria for post-capillary 

PH in having a PA mean pressure ≥ 25 mmHg and LA mean pressure > 15mmHg. 

These subjects were further classified, based on DPG, as Ipc-PH (DPG < 7mmHg; n = 

74) and Cpc-PH (DPG ≥ 7mmHg; n = 20). (Figure 9) 

 

The Ipc-PH and Cpc-PH sub-groups demonstrated no significant differences in age, 

gender distribution, or severity of mitral stenosis as showcased by valve area, mean 

gradient or morphological score. However, subjects with Cpc-PH demonstrated 

significantly higher heart rates as compared to the Ipc-PH group (82 ± 14 vs. 73 ± 13; 

p< 0.05). 
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Figure 9. Study II flow chart providing a brief overview of patient enrolment and hemodynamic 

classification. MS, mitral stenosis; AF, atrial fibrillation; PTMC, percutaneous transvenous mitral 

commissurotomy; MR, mitral regurgitation; AoV, aortic valve; IHD, ischaemic heart disease; PAPm, 

pulmonary artery mean pressure, Ipc-PH, isolated post-capillary pulmonary hypertension; Cpc-PH, 

combined post and pre-capillary hypertension; DPG, diastolic pulmonary pressure gradient. 
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Hemodynamic Characteristics: Cpc-PH vs. Ipc-PH 

Subjects with Cpc-PH demonstrated elevated right-sided pressures, PAWP, PA systolic 

and diastolic pressures as compared to subjects with Ipc-PH. Further, RA size was 

larger and RV longitudinal strain was lower as compared to Ipc-PH. (p < 0.05 for all 

variables) 

LV Performance Measures and AV interaction in PH-LHD 

SV and EF was significantly reduced in the patient population, with the Cpc-PH group 

demonstrating significantly lower values as compared to the Ipc-PH group. Despite 

lower EF, PH subjects displayed higher values for Ees as compared to controls, with no 

significant differences between sub-groups.  LV afterload, as described by Ea, and 

Ea/Ees ratio was markedly higher in the patient group, with Cpc-PH subjects 

demonstrating significantly higher values as compared with the Ipc-PH group. (Table 

3). LVEDP demonstrated higher values in the MS group as compared to controls, 

although no significant differences were observed between sub-groups. AV coupling, as 

given by the Ea/Ees ratio, and LV afterload, given by Ea, emerged as independent 

prognosticators of DPG. 

 

Table 3. Echocardiographic and hemodynamic measurements in Ipc-PH and Cpc-PH, as defined by DPG 

 

Variable Controls (n = 40) Ipc-PH (n) Cpc-PH (n) 

EDVi (mL/m
2
) 57 (49-64) 57 (49-72)^ (72) 49 (40-67)*^ (19) 

ESVi (mL/m
2
) 18 (16-20) 23 (18-31) (72) 23 (18-27) (19) 

SViDoppler (mL/ m
2
) 45 (42-51) 35 (29-43)^ (72) 30 (21-39)*^(19) 

LV-LSsept (%) 22 (20-24) 17.6 (15-20)^ (69) 16 (13-18)^(19) 

LV-LSlat (%) 23 (22-26) 18.3 (16-21)^ (69) 16.3 (14-18)^*(19) 

LV-LSglobal (%) 23 (22-25) 18 (16-20)^ (69) 16 (14-18)^*(19) 

V0 (mL) -28 (-39 to - 20) -1.8 (-6.8 to 5.9)^ (69) -4.6 (-8 to 10)^ (19) 

Ea INV (mmHg/mL)  2.6 (2.1-3.5)^ (71) 3.3 (2.3-5.4)^* (19) 

Ea NI (mmHg/mL) 1.5 (1.3-1.6) 2.3 (1.9-3.1)^ (71) 2.9 (2.0-4.7)^* (19) 

E es INV (mmHg/mL)  3.8 (2.9-5.1)^ (67) 4.0 (2.7-6.1)^ (19) 

E esNI (mmHg/mL) 2.3 (2.0-2.8) 3.3 (2.4-4.3)^(67) 3.6 (2.0-5.5)^ (19) 

Ea/Ees INV  0.74 (0.6-0.9)^ (67) 0.90 (0.8-1.3)^* (19) 

Ea/Ees NI 0.63 (0.6-0.7) 0.73 (0.6-0.9)^ (67) 0.88 (0.7-1.2)^* (19) 

LV Stiffness (mmHg/mL/m
2
) 0.17 (0.14-0.19) 0.22 (0.16-0.28)^ (71) 0.21 (0.17-0.30)^ (19) 

 

Ipc-PH, isolated post-capillary pulmonary hypertension (PH), Cpc-PH, combined post- and pre-capillary PH; EDVi, 

end diastolic volume index, SVi, stroke volume index; LV-LS, LV longitudinal strain; V0, estimated LV volume at 

zero pressure; E es INV, invasively derived LV elastance; E esNI , non-invasively derived LV elastance; EaINVinvasively 

derived arterial elastance; EaNI,  non-invasively derived arterial elastance; ^ indicates significance at the level of p< 

0.05 between patients and controls; * indicates significance at the level of p< 0.05 between Cpc-PH and Ipc-PH 

patients. 
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Figure 10. PH subgroups demonstrated lower stroke volume (left panel) and higher Ea/Ees values as 

compared to controls (right panel). 

 

Left ventricular afterload, as expressed by both Ea and SVR, did not show an 

association with mitral valve area, but was determined by the degree of PH and RV 

function, the latter substantiated by the tricuspid annular plane systolic excursion 

(TAPSE). This relationship is described by the equation Ea = 4.61 + 0.2 * PAPm – 0.13 

* TAPSE, r =0.43, p< 0.001 and SVR = 40.1 + 0.63 * PAPm -0.89 * TAPSE, r = 0.34, 

p< 0.001 respectively.  

 

We proceeded to study the impact of AV and inter-ventricular interaction separately on 

the septal and lateral deformation in PH subjects. While both RV longitudinal strain 

(RV-LS) and Ea were identified as determinants of LV strain along the septum (LV-

LSsept), RV-LS was not significantly associated with longitudinal strain along the LV 

lateral wall (LV-LSlat). However, LV afterload, given by Ea retained its deterministic 

character when studying LV-LSlat. 

 

Ea was the sole independent predictor of deformation, as expressed by global LV strain. 

Additionally, PAPm demonstrated an inverse correlation with RV-LS and LV-LSsept, but 

showed no association with LV-LSlat. Ea and Ees acted as independent determinants of 

LV-LSlat 

 

30% of Cpc-PH subjects reverted to Ipc-PH after PTMC. MS subjects that demonstrated 

a DPG value < 7mmHg after the procedure showcased lower Ees and a tendency to 

lower Ea. 
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Physiologic and Prognostic Aspects of DPGNEG 

Of 316 enrolled subjects in Study III, 269 (85%) demonstrated PH. Among these 

subjects, 256 (95%, MS: 37%) could be classified as PH-LHD, based on a PAPm ≥ 25 

and PAWPm > 15mmHg (Figure 12). Given the differences in pathology, MS and PH-

LHD sub-groups were analysed separately. MS subjects demonstrated elevated A-and 

V-waves, in addition to higher PAPm as compared to the PH-LHD group. The two 

groups demonstrated no significant differences as regards DPG (p > 0.05). 

Influence of V-wave on DPG 

The patient population was stratified based on the presence of large V-waves, defined as 

a V-wave amplitude exceeding PAWPm by an arbitrary value of > 10mmHg as 

investigated by earlier authors.
60

 The sub-group with large V-waves (n = 69; 43MS and 

26 PH-LHD) demonstrated lower, and generally negative values for DPG as compared 

with the cohort with smaller V-waves. TPG and PVR did not significantly differ 

between these two groups (p > 0.05 for both variables). An example of a large V-wave 

presentation is provided in Figure 11. As can be seen in this figure, this subject 

demonstrated a V-wave amplitude that exceeded PAWPm by 16mmHg (34-18mmHg). 

Further, in this subject, a DPGNEG reading of -2mmHg is obtained by the equation PAPd 

– PAWPm (16-18mmHg).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. A PAWP waveform (left panel) demonstrating large V-waves. This patient 

demonstrates DPGNEG as obtained by the difference between PAPd in the PA waveform (right 

panel) and PAWPm in the PAWP waveform 
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Figure 12. Study III flow chart providing an overview of patient enrolment and 

hemodynamic classification. MS, mitral stenosis; PH-LHD, pulmonary hypertension due 

to primary myocardial dysfunction; PTMC, percutaneous transvenous mitral 

commissurotomy; RHC, right heat catheterisation; HF, heart failure; MR, mitral 

regurgitation; IHD, ischaemic heart disease; AF, atrial fibrillation; HTN, systemic arterial 

hypertension, HTX, heart transplantation, PAPm, pulmonary artery mean pressure, 

PAWPm, mean pulmonary artery wedge pressure; Cpc-PH, combined post- and pre-

capillary pulmonary hypertension 

PAWPm >15 mmHg (256)

PAPm ≥ 25 mmHg (269)

MS  (106)

LHD  (210)

Consecutive patients referred for PTMC
(Sri Sathya Sai Institute, Bangalore, India)

Prospective Prospective and retrospective

Consecutive patients referred for RHC
 for the assessment of HF

(Karolinska University Hospital, Stockholm)

> 1 grade MR, aortic valve disease, IHD, Afib, Pressure tracing of inadequate quality

MS  (94) PH-LHD  (162)

prospective (47) retrospective (115)

Se
le

ct
io

n
 o

f p
at

ie
n

t 
w

it
h

 C
p

c-
P

H

prospective (86) retrospective (124)

Until death /HTX/ end of studyNone

3
1

6 p
a

tien
ts

2
5

6 p
a

tien
ts

Fo
llo

w
-u

p
En

ro
lle

d
Ex

cl
u

si
o

n
In

cl
u

si
o

n

Sc
re

e
n

in
g

HTN 



34 
 

Subjects with low PVR (< 3 WU) demonstrated an inverse relationship between V-

wave and DPG (Figure 13). This was seen in both MS (r = - 0.34, p=0.03) and PH-LHD 

(r = -0.46, p< 0.01) sub-groups. At higher PVR, however, no association was observed 

(p> 0.05). 

 

 

 

 

 

 

59 subjects (23%, MS: 29%) from our PH-LHD cohort demonstrated incongruous 

values of TPG > 12mmHg, but DPG < 7mmHg. This is not uncommon in clinical 

practice. To study this more closely in subjects with DPGNEG, we calculated the 

difference between TPG and DPG (∆PG). We assumed that a value of ∆PG > 12mmHg 

would best characterize subjects with DPGNEG values, yet elevated TPG. V-wave 

demonstrated a positive association with ∆PG (r = 0.45; p < 0.05). Further, employing a 

ROC analysis to determine the ability of large V-waves to determine ∆PG > 12mmHg 

in subjects with PVR < 3WU, a sensitivity of 85% and specificity of 70% was obtained 

at an optimal cut-off limit of 30.5mmHg (AUC: 0.80, CI: 0.72 to 0.88; p< 0.001) 

(Figure 14). 

Figure 13. An inverse relationship was observed between V-wave amplitude and DPG in 

subjects with low PVR ( < 3 WU), but at higher PVR, no association was observed between these 

two variables.  
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Figure 14. ROC analysis to discern the ability of V-wave to determine ∆PG > 12mmHg 

 

To explore methodological considerations concerning DPGNEG, we a) compared DPG 

calculated from simultaneously-acquired PAWP (DPGPAWP) and LAP (DPGLAP), b) 

compared the incidence of DPGNEG between subjects with sinus rhythm and atrial 

fibrillation (AF), and c) calculated DPG using an alternative PAWP value measured at 

the Z-point of the PAWP curve, being the point where a line drawn from the end of the 

QRS complex intersects the corresponding hemodynamic waveform. 

 

In 51 subjects with simultaneously-acquired PAWP and LAP recordings, LAP was 

slightly, albeit not significantly lower than PAWP (24.1 ± 8.0mmHg vs. 26.0 ± 

8.1mmHg; p > 0.05).In effect, DPGPAWP was negative in 28 cases, as compared to 

DPGLAP in 22 cases. In only 3 cases, a negative DPGPAWP was countered by a positive 

DPGLAP. In 1 case, the opposite reclassification was observed. A similar DPGNEG 

incidence was observed considering heart rhythm. 52% of subjects with normal sinus 

rhythm (n = 192; heart rate < 85 beats/min) demonstrated DPGNEG as compared 50% in 

subjects with AF (n = 53) Finally, the prevalence of DPGNEG was not significantly 

reduced when we considered alternative measurements of PAWP, measured at the z-

point of the PAWP curve. 

 

Two-year outcome for the combined end-point of death or cardiac transplantation of 

subjects with DPGNEG was significantly better as compared with 0 ≤ DPG <7mmHg 

(Figure 15). Further, as can be seen in Table 4, the incidence of a major event, such as 
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transplant, was significant in the latter group employing both unadjusted analysis and 

when adjusted for age, creatinine and ischaemic heart disease.  

 

 

 
 

Figure 15. Kaplan-Meier curves demonstrating higher 2-year survival among subjects with DPGNEG as 

compared to 0 ≥ DPG < 7mmHg. 

 

 

Table 4. Adjusted Hazard Ratio for the combined end-point death and/or cardiac transplantation 

 

DPG (cut-off = 0mmHg) 

Hazard ratio 

for death and/or 

heart transplant 

 

95% CI 

 

P-value 

Adjusted for age 2.85 1.15-7.08 0.02 

Adjusted for creatinine 2.58 1.07-6.23 0.03 

Adjusted for IHD 2.76 1.14-6.66 0.02 

Adjusted for all above 2.97 1.21-7.31 0.01 

    

 

Hazard ratio for death and/or transplantation for patients with positive normal DPG (0 ≤ DPG < 7 mmHg) 

and negative DPG. Due to few patients in Group III, only the statistical comparison between Group I and 

II is presented. DPG, diastolic pulmonary pressure gradient; CI, confidence interval; IHD, Ischaemic 

heart disease. 
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MA Geometry in MS 

In Study IV, MS subjects demonstrated a significantly deformed mitral annulus, as seen 

in significantly larger antero-posterior (A-P) diameters (3.14 ± 0.3 vs. 2.4 ± 0.1cm), 

anterolateral-posteromedial (AL-PM) diameters (3.26 ± 0.2 vs. 2.9 ± 0.3 cm), annular 

circumference (10.6 ± 0.9 vs. 9.7 ± 0.8 cm
2
) and annular area (8.5 ± 1.5 vs. 6.9 ± 1.2) as 

compared with controls (p < 0.05 for all variables) (Figure 16). Additionally, MS 

subjects demonstrated a flatter (151 ± 13 vs. 143 ± 10 degrees; p < 0.01) and a more 

circular annulus (sphericity index: 0.97 ± 0.08 vs. 0.85 ± 0.1; p < 0.01). A positive 

correlation was observed between MA A-P diameter and LA A-P diameter (r = 0.52) 

and LA end-systolic volume (r = 0.54; respectively). MS subjects demonstrated 

significantly reduced annular displacement and displacement velocities. Of the variables 

studied, MVA emerged as the sole independent predictor of annular displacement. (p = 

0.015) 

 

 

 

Figure 16. MS subjects (right) demonstrated markedly altered MA geometry as compared to controls 

(left). (Images acquired from EchoPac software) 

 

Alterations to MA Geometry after Intervention 

MA demonstrated a number of alterations after PTMC. Annular displacement 

showcased an increase, and MA non-planar angle demonstrated a tendency to normalize 

(151 ± 13 vs. 145 ±10 degrees; p < 0.01) (Figure 17 and Table 5). When we stratified 

subjects based on the development of post-procedural MR, subjects that demonstrated 

higher degrees of MR (Grade II; n=8) showcased no significant differences in MVA, 
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morphological valve score or right-sided pressures as compared to those with lesser 

degrees of MR increase (< Grade II MR; n =48). No subjects developed severe MR in 

this cohort. However, subjects with relatively higher grades of MR showcased 

significantly deformed MA at baseline, with larger A-P diameter (3.5 ± 0.4 vs. 3.1 ± 

0.4cm; p<0.001) and annular area (9.6 ± 2 vs. 8.3 ± 1.3; p = 0.02).  

 

Table 5. 3D mitral annular variables in MS subjects, before and after PTMC and matched controls. 

 

MA Variable 

 

Controls 

(n = 20) 

 

Pre-PTMC 

 (n =58) 

 

Post-PTMC 

 (n =58) 

A-P diameter (cm) 2.4 ± 0.1 3.14 ± 0.3* 3.17 ± 0.4* 

AL-PM diameter (cm) 2.9 ± 0.3 3.26 ± 0.2*† 3.35 ± 0.3*† 

Sphericity index 0.85 ± 0.1 0.97 ± 0.08* 0.94 ±0.05* 

Annular circumference (cm) 9.7 ± 0.8 10.6 ± 0.9* 10.7 ± 1.2* 

Annular area (cm
2
) 6.9 ± 1.2 8.5 ± 1.5* 8.7 ± 2.0* 

Annular height (cm) 0.72 ± 0.2 0.66 ±0.2* 0.68±0.2* 

Non planar angle (degrees) 143 ± 10 151 ± 13*† 145 ±10*† 

Annular displacement (cm) 10.3 ± 1 6.1 ± 2*† 7.5 ± 2*† 

Annular velocity (cm/sec) 46 ± 9 30 ± 9* 32 ± 10* 

    

 

A-P, antero-posterior; AL-PM, anterolateral-posteromedial; * indicates significance at the level of p < 0.05 between 

patients and controls; † indicates significance at the level of p < 0.05 between pre-PTMC and post-PTMC patients. 

 

 

 
 

 

Figure 17. Non planar angle demonstrates a tendency to normalize after percutaneous intervention.  

Pre-PTMC (left); Post-PTMC (right) (Images acquired from EchoPac software) 
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Limitations 

In Study I and II, we measured Ees and Ea employing the single-beat method. 

Additionally, in Study I, LV stiffness was also calculated. The gold standard method to 

measure these indices employs conductance catheters. However, the single-beat 

methods employed 
37, 38

 have been validated against invasive measurements. In the 

patient cohort, we calculated these indices employing invasive pressures, while in 

controls, non-invasive pressures were used. This limitation was addressed using a 

validation cohort. The calculation of LV stiffness in controls entailed the use of a 

previously reported equation
66

 that demonstrates a 4mmHg standard error. Even 

considering the recognized upper limit of normal for PAWP values, the MS cohort 

demonstrated higher values of stiffness. (p < 0.001) Additionally, in Study I and II, 

direct measurements of sympathetic activity employing microneurography or 

noradrenaline tracer methods were not employed  

 

In Study III, ensuring standardization of technique across multiple centres may be 

perceived as a limitation. However, a single, experienced cardiologist (AM) was present 

during all the catheterizations performed at both centres to ensure uniformity in data 

acquisition and interpretation. The same technical equipment and catheters were used at 

both centers. Heterogeneity of the PH-LHD patient population is also a major 

limitation, as we excluded subjects with AF, hypertension and ischemic heart disease 

from the MS group, but not from the PH-LHD group. However, given the objective of 

the study was to examine the influence of V-waves on DPGNEG measurement, rather 

than the effect of co-morbidities on DPG, the hemodynamic insights offered by this 

study are not significantly diminished. 

 

In Study IV, the small sample size and absence of a cohort that developed severe MR 

after intervention is a significant limitation. Further studies employing larger patient 

cohorts may be necessary to arrive at definite conclusions. 
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DISCUSSION 

LV Systolic Function in MS 

LV systolic function in the setting of MS has been an issue of debate for decades. As 

early as 1955, Harvey and colleagues suggested that certain MS subjects demonstrated 

an inability to increase CO despite a seemingly successful commissurotomy.
67

 The 

nature of circulatory dysfunction in these subjects was ascribed to myocardial 

insufficiency, rather than the mechanical obstruction imposed by the mitral valve, and 

held potential relevance in the selection of subjects for successful surgical intervention. 

The inherent pancarditis nature of acute rheumatic fever, involving all three layers of 

the heart - endocardium, myocardium and pericardium
68

 - combined with long-term 

effects of chronic inflammation and fibrosis on the myocardium were the basis of this 

"myocardial factor" theory.
69

 

 

Subsequent studies have suggested both systolic and diastolic aberrations in LV 

function and have attributed these findings to a) chronically reduced LV filling,
70, 71

 b) 

myocardial endofibrosis,
72-74

 c) atrial fibrillation,
69

 d) subvalvular apparatus scarring
21, 

75, 76
 d) reduced diastolic compliance,

77
 e) increased afterload,

22, 71, 78
 f) abnormal right-

left septal interaction owing to pulmonary hypertension,
79

 and g) associated coronary 

artery disease.
80

  

 

The results of a number of these studies have proven to be contradictory, and one can 

assume that the ambiguity in findings, at least in part, may arise from the utilization of 

load-dependent measures of performance in a setting that is markedly load-altered. As a 

case in point, while Gash and colleagues suggest that contractility, expressed as the ratio 

between end-systolic wall stress and end-systolic volume index, is unaltered in MS 

subjects,
78

 Kaku and colleagues suggest otherwise. In their study, MS subjects 

demonstrated a lower EF at any level of wall stress, suggesting lowered contractility.
71

 

 

MS demonstrates an altered loading scenario. In severe presentations of the disease, the 

stenotic mitral valve impedes LV inflow, diminishing LV preload, and the subsequently 

reduced SV results in significantly elevated peripheral vasoconstriction.
81, 82

 The 

combination of the aforementioned loading alterations provides a fertile setting to 

employ pressure-volume relationship analysis,
31

 a technique that provides for an 

assessment of both systolic and diastolic properties in lieu of loading. 



42 
 

 

In Study I, we employed a single-beat method previously validated against invasive 

measurements to assess ESPVR in subjects with MS. Our findings suggest that both 

contractility and arterial load are elevated in MS, as given by Ees and Ea values that were 

significantly higher than matched controls. Contrary to our findings, an earlier study 

demonstrated no significant differences in invasively-derived Ees values between MS 

subjects and controls.
77

 However, this divergence may be due to the lower output, 

higher LA and PA pressures in our subjects as compared with subjects in that study, 

suggesting lower baroreceptor sensitivity,
83

 increased atrial stretch,
82

 which may imply 

an increased sympathetic tone, and hence, elevated contractility. 

 

In our study, Ees demonstrated a negative association with SV. Earlier studies have 

suggested that a low output state in MS is associated with an elevated sympathetic tone, 

ascribing this phenomenon to reduced afferent activity of arterial baroreceptors 

secondary to reduced stretch.
82, 84

 In addition to elevated Ees, our patients also 

demonstrated elevated Ea and SVR, suggesting heightened sympathetic activity in this 

cohort. 

 

Ea was directly associated with the severity of mitral stenosis. Subjects with narrower 

valve orifices and more severe morphological presentations demonstrated higher 

degrees of Ea. Further, the state of elevated afterload in the MS cohort was not offset by 

increased preload owing to the stenosed valve. MS subjects demonstrated significantly 

higher LVESV as compared to controls, but similar LVEDV. This finding, in addition 

to the negative association between Ea and LVEDV, suggests a state of afterload 

mismatch. The obstruction offered by severe MS hinders adequate preload recruitment 

in this scenario, leading to reduced SV.  

 

Our findings on the impact of percutaneous intervention on both Ea and Ees are of 

particular interest. With the increase in mitral valve area, and subsequent elevation in 

LVEDV and SV after intervention, both Ees and Ea demonstrated a significant reduction. 

We suggest that this may be attributed to a reactivation of baroreceptor reflex with the 

sudden rise in output. An inhibition of the systemic sympathetic tonus would lead to a 
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reduction in contractility and arterial tonus. These findings suggest that an intervention 

aimed at a mechanical correction of MS may impact a secondary neurohumoral reaction 

in these subjects as well.
82

 

 

We observed a reduced EF in approximately one in four MS subjects, similar to earlier 

studies.
78, 85

 When compared with MS subjects with normal EF, Ea in subjects with 

reduced function was significantly higher. Additionally, EF demonstrated a significant 

inverse relationship with Ea. Further, with a reduction in afterload after intervention, EF 

demonstrated a significant improvement in all subjects with reduced function at 

baseline. Our study suggests that employing EF in the setting of MS may not faithfully 

represent the state of the LV pump. 

 

LV Diastolic Function in MS 

Early studies by Feigenbaum and colleagues did not demonstrate any significant 

changes in diastolic function in MS, when employing mean compliance as a ratio 

between mean transmitral diastolic flow to change in pressure over time.
86

 Subsequent 

studies have refuted this finding, attributing an observed reduced compliance in MS to a 

number of reasons. These include an internal constraint offered by a rigid mitral 

apparatus,
77

 restriction of the postero-basal segment leading to reduced compliance
21, 79

 

primary endomyocardial fibrosis,
74

 and the influence of an overloaded right heart on left 

ventricular distensibility.
79

  

 

We employed two methods to assess diastolic compliance in our subjects. Both 

demonstrated a markedly increased diastolic stiffness. More importantly, our results 

also suggest potential reasons for this perceived aberration. First, we demonstrate an 

association between the degree of stenosis and LV distensibility, suggesting that an 

immobile, fibrotic valve apparatus may indeed hamper the normal relaxation of the LV 

in this setting, leading to reduced compliance. More importantly, we also demonstrate 

that RVEDP is a strong prognosticator of LV diastolic stiffness. In an earlier study, 

Curry and colleagues have demonstrated that subjects with an enlarged RV show 
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markedly impaired LV anterolateral wall motion, and have ascribed this to interactions 

between the right and left ventricles.
79

 

 

In contrast to the findings of Liu and colleagues,
77

 we demonstrate an acute increase in 

diastolic stiffness immediately after intervention. Both methods employed to assess LV 

stiffness demonstrated a slight, albeit significant increase. Our finding that RVEDP is a 

strong predictor of LV stiffness offers a plausible explanation for this finding. As we 

observe, RVEDP did not alter significantly immediately after the procedure, despite a 

significant drop in PA pressures. We suggest that the sudden rise in transmitral flow in 

diastole does not afford adequate time to the LV to accommodate this volume, leading 

to additional tension on the LV wall, and hence, lowered compliance. 

Arterial-Ventricular coupling in PH 

Study II suggests that subjects with post-capillary and superimposed pre-capillary 

pulmonary hypertension demonstrate markedly altered systemic AV interactions. The 

fact that these two PH-LHD sub-groups demonstrate distinct hemodynamic profiles 

stands in contrast with an earlier study that did not find significant differences.
87

 In 

keeping with the findings of Miller, the two PH-LHD subgroups demonstrated altered 

hemodynamics,
47

 albeit with higher wedge pressures in the Cpc-PH group. 

 

Our findings of elevated afterload in PH subjects, as demonstrated by both Ea and SVR, 

are supported by an earlier study that showcased systemic vasoconstriction secondary to 

greater stretch exerted on pulmonary barorecepters.
88, 89

 This, combined with elevated 

efferent sympathetic activity secondary to reduced output in MS, offers a plausible 

explanation for elevated Ea.
82

 In addition, we showcase elevated Ea/Ees in PH subjects, 

with even more marked derangement in Cpc-PH subjects as compared to the Ipc-PH 

group. This finding, suggestive of an uncoupling of the AV energetic system, may also 

contribute to the poor prognosis observed in subjects demonstrating a superimposed 

pre-capillary component.  
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Earlier studies have demonstrated conflicting results on the effects of PH on LV 

function. While certain studies demonstrate a deformation confined to the septum,
90,91

 

others have observed more widespread myocardial deformation.
49

 

 

In our study, LV afterload could be determined based on the extent of right-sided 

pressures and function. Additionally, while right ventricular deformation demonstrated 

an association with deformation along the interventricular septum, it had no significant 

influence on the LV lateral wall. Instead, LV afterload, as expressed by Ea, 

demonstrated an independent prognostic ability for both septal and lateral components 

of the LV, suggesting that AV coupling may play a greater role in the myocardial 

deformation observed in subjects with PH. 

DPGNEG in PH-LHD 

Study III refutes the notion that the reported high incidence of DPGNEG in PH-LHD 

subjects is due to a measurement bias, and suggests that this may be attributed to the 

influence of large V-waves in patients with low resistance in the pulmonary bed. 

Further, our data suggests that DPGNEG is associated with better prognosis as compared 

to positive non-elevated DPG. 

 

Subjects that do not present with significant pulmonary capillary disease generally 

present with DPG values between 0-5 mmHg, and negative readings have been 

attributed to measurement bias, such as inaccurate recordings and over-wedging.
51

 But 

DPGNEG has been widely observed, up to as high as 50% in subjects with PH-LHD.
92

 

We observed a DPGNEG in 44% of our population, suggesting a high incidence of PH 

and in keeping with earlier studies that have suggested a high DPGNEG in specific 

pathological states.
57, 92, 93

 

 

The V-wave in the atrial pressure waveform reflects the second phase of filling during 

systole. The amplitude of the V wave is determined by a number of factors, including 

LA compliance, and volume and flow of blood entering the LA during systole. Further, 

atrial pressure follows an exponential trend in filling during systole, with markedly 
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lower levels of increase in pressure at low volumes, and an exponential rise in high LA 

pressure states.
58, 60

 It is important to recognize the heterogeneous patient group that 

present with elevated V waves in our study. While the MS group demonstrated 

increased LA pressures secondary to the resistance offered by a narrow mitral valve, LA 

pressures were elevated in the PH-LHD group secondary to increased LV end-diastolic 

pressure.   

 

Methodological sources of potential error were minimized by a) employing a single 

experienced investigator to assess both mean capillary wedge and diastolic pulmonary 

artery pressure during end expiration at both centres, avoiding errors owing to 

automated calculations and ensuring a standardization of the studies b) performing 

simultaneous acquisition of pressures in a sub-set of the cohort to showcase little 

difference in resultant calculation of DPGNEG. 

 

Interestingly, our data suggests that subjects demonstrate an inverse relationship 

between the V-wave and DPG at lower PVR, but at higher levels of vascular resistance, 

this association disappears. This can partially be attributed to the fact that effective 

pressure equilibration along the pulmonary circuit may be hindered by vascular 

remodelling in the setting of superimposed pre-capillary changes. Further, our data 

suggests that DPGNEG is associated with lower mortality as compared to those with 

positive values for DPG. 

  

MA Geometry in MS 

MS has been earlier described as a pathology that afflicts the cusps, chordal and 

commissures.
18

 We employed 3D echocardiography to characterize the complex 

geometry of the MA, which is inadequately described, given the limitations of 

conventional cut-plane methods.
94

 We observed a markedly deformed mitral annulus, as 

seen in larger AP diameters and non-planar angles, making the annulus flatter and larger 

in this disease presentation. The association between AP diameter and LA dimension 

provides a plausible explanation to this presentation. 
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Further, we suggest that the mitral annulus may demonstrate an association with the 

development of significant MR after intervention. This can be observed in the fact that 

subjects with identical morphological scores based on 2D imaging showcase markedly 

different MA parameters on 3D echocardiography. While the absence of subjects that 

developed severe MR in our cohort may prove to be a limitation in this study, we 

believe that this warrants further evaluation in a larger patient population. 

 

The additional finding that annular angle demonstrates a tendency to normalize after 

intervention also provides additive information on structural alterations to its geometry 

in the setting of altered hemodynamics after PTMC. The reduction in pressures in the 

LA, complemented by an increased filling of the LV with successful splitting of the 

commissures may offer a plausible explanation to this phenomenon. Our finding that 

valve area acts as an independent prognosticator of annular displacement suggests that 

the aberration in annular dynamics might not be attributed to a primary rheumatic 

affliction of the apparatus, but may be the outcome of altered hemodynamics secondary 

to improved filling of the LV.  
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CONCLUSIONS 

Subjects with severe MS demonstrate elevated LV contractility and afterload. Increased 

afterload in this setting is associated with the severity of stenosis. Immediately after 

PTMC, both LV contractility and afterload tend to normalize secondary to preload 

recruitment, with a concurrent increase in diastolic stiffness.  

 

MS subjects with Cpc-PH demonstrate markedly elevated LV afterload and deranged 

AV coupling as compared to subjects with Ipc-PH. In addition to interventricular 

interaction, abnormal AV coupling contributes to altered LV mechanics that may be 

associated with adverse prognosis in Cpc-PH. 

 

The high prevalence of DPGNEG among subjects with PH-LHD is not necessarily a 

measurement bias, but can be attributed to high V-wave amplitudes in subjects with 

relatively low resistance in the pulmonary vascular bed. DPGNEG subjects demonstrate a 

better prognosis as compared to the corresponding group of positive, non elevated DPG. 

 

MA structure is altered in MS subjects, and its non-planar geometry and displacement 

demonstrate a tendency to normalize after PTMC. Subjects that develop higher grades 

of MR after intervention demonstrate larger baseline MA A-P diameter and area. 
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Key points

� A hallmark of mitral stenosis (MS) is the markedly altered left ventricular (LV) loading.
� As most of the methods used to determine LV performance in MS patients are influenced by

loading conditions, previous studies have shown conflicting results.
� The present study calculated LV elastance, which is a robust method to quantify LV function.

We demonstrate that LV loading in MS patients is elevated but normalizes after valve repair
and might be a result of reflex pathways.

� Additionally, we show that the LV in MS is less compliant than normal due to a combination
of right ventricular loading and the valvular disease itself. Immediately after valve dilatation
the increase in blood inflow into the LV results in even greater LV stiffness.

� Our findings enrich our understanding of heart function in MS patients and provide a simple
reproducible way of assessing LV performance in MS.

Abstract Left ventricular (LV) function in rheumatic mitral stenosis (MS) remains an issue of
controversy, due to load dependency of previously employed assessment methods. We investigated
LV performance in MS employing relatively load-independent indices robust to the altered loading
state. We studied 106 subjects (32 ± 8 years, 72% female) with severe MS (0.8 ± 0.2 cm2) and
40 age-matched controls. MS subjects underwent simultaneous bi-ventricular catheterization
and transthoracic echocardiography (TTE) before and immediately after percutaneous trans-
venous mitral commisurotomy (PTMC). Sphygmomanometric brachial artery pressures and
TTE recordings were simultaneously acquired in controls. Single-beat LV elastance (Ees) was
employed for LV contractility measurements. Effective arterial elastance (Ea) and LV diastolic
stiffness were measured. MS patients demonstrated significantly elevated afterload (Ea: 3.0 ± 1.3
vs. 1.5 ± 0.3 mmHg ml−1; P < 0.001) and LV contractility (Ees: 4.1 ± 1.6 vs. 2.4 ± 0.5 mmHg ml−1;
P < 0.001) as compared to controls, with higher Ea in subjects with smaller mitral valve area (�
0.8 cm2) and pronounced subvalvular fusion. Stroke volume (49 ± 16 to 57 ± 17 ml; P < 0.001)
and indexed LV end-diastolic volume (LVEDVindex: 57 ± 16 to 64 ± 16 ml m−2; P < 0.001)
increased following PTMC while Ees and Ea returned to more normal levels. Elevated LV stiffness
was demonstrated at baseline and increased further following PTMC. Our findings provide
evidence of elevated LV contractility, increased arterial load and increased diastolic stiffness in
severe MS. Following PTMC, both LV contractility and afterload tend to normalize.
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Abbreviations BSA, body surface area; CI, cardiac index; CO, cardiac output; Ea, effective arterial elastance; Ea INV,
invasive effective arterial elastance; Ea NI, non-invasive effective arterial elastance; Ees, LV elastance; Ees NI, non-invasive
LV elastance; Ees INV, invasive LV elastance; EF, ejection fraction; E′

lat, early diastolic mitral annular velocity of the lateral
LV basal wall; E′

sept, early diastolic mitral annular velocity of the IV septum; ESPVR, end-systolic pressure–volume
relationship; LA, left atrium; LAP, left atrial pressure; LV, left ventricle/ventricular; LVEDP, left ventricular end-diastolic
pressure; LVESP, left ventricular end-systolic pressure; LVEDVindex, left ventricular end-diastolic volume indexed to
BSA; LVESVindex, left ventricular end-systolic volume indexed to BSA; LVOT, left ventricular outflow tract; MS, mitral
stenosis; MVA, mitral valve area; MVG, mean transmitral gradient; PAPd, pulmonary arterial diastolic pressure; PAPm,
pulmonary arterial mean pressure; PAPs, pulmonary arterial systolic pressure; PCWP, pulmonary capillary wedge
pressure; Pd, diastolic systemic arterial pressure; Pm, mean systemic arterial pressure; Ps, systolic systemic arterial pressure;
PTMC, percutaneous transvenous mitral commissurotomy; PVR, pulmonary vascular resistance; RAP, right atrial
mean pressure; RHC, right heart catheterization; RV, right ventricle/vetricular; RVEDP, right ventricular end-diastolic
pressure; RVESP, right ventricular end-systolic pressure; RVPs, RV systolic pressure; SV, stroke volume; SVi, stroke
volume index; SVR, systemic vascular resistance; TTE, transthoracic echocardiography.

Introduction

Despite numerous attempts to characterize left ventricular
(LV) systolic function in the setting of mitral stenosis
(MS), current evidence remains largely conflicting. Early
studies demonstrated impaired LV systolic performance,
ascribing this to mechanisms such as myocardial fibrosis
(Sunamori et al. 1983), impaired inter-ventricular inter-
action (Curry et al. 1972) and chronic LV under-filling
(Kaku et al. 1988). However, later investigations challenged
this notion, revealing normal LV contractility in pure MS
(Gash et al. 1983; Liu et al. 1992). These discrepancies may
at least in part be attributed to the fact that the majority of
the conventional methods for LV function assessment are
influenced by the considerably altered loading conditions
prevailing in the setting of MS. Thus, a more robust
approach would comprise the use of indices that are less
dependent on changes in LV loading and provide further
insight into the ventricular and arterial interaction.

The instantaneous relationship between pressure and
volume in the human heart is an expression of the
integration of arterial pressure, preload, heart rate and
inotropic state of the myocardium. Sunagawa et al. (1984)
proposed a comprehensive model by which LV energetics,
myocardial function and ventricular performance can
be investigated taking into account their interaction
with the vascular system. Briefly, the framework of
arterio-ventricular coupling allows the characterization of
heart function in terms of effective arterial elastance (Ea),
a ‘lumped index’ denoting the LV afterload in the time
domain, and LV elastance (Ees) representing the slope of
the end-systolic pressure–volume relationship (ESPVR)
and expressing the contractile force of the LV. A number
of validating studies have provided evidence that ESPVR
is relatively insensitive to afterload alterations, rendering
Ees the gold standard for LV contractility (Suga et al. 1973;
Weber et al. 1976). As this approach largely overcomes the

limitations associated with haemodynamic loading, it is
of particular value in the setting of MS.

Based on the above reasoning, we undertook this study
to (1) evaluate LV performance in a large cohort of patients
with pure MS using methods that are less susceptible to the
altered haemodynamic state, (2) investigate the features
of ventricular–arterial interaction in the setting of MS
and (3) interrogate the possible alterations in LV diastolic
and systolic function following the acute preload increase
secondary to valve dilatation.

Methods

Study population

Symptomatic MS patients referred for percutaneous trans-
venous mitral commisurotomy (PTMC) to the Sri Sathya
Sai Institute were enrolled prospectively between January
and June 2012. Subjects were excluded if they presented
with more than mild (grade > 1) mitral regurgitation
(MR), concomitant aortic valve disease, ischaemic heart
disease, atrial fibrillation or hypertension. All patients
were on low dose β-blockers (atenolol 25 mg), and a
combined regime of diuretics (amiloride + furosemide
40 mg). The control group comprised 40 healthy,
age-matched subjects free of any medications. The study
conformed to the ethical guidelines of the 1975 Declaration
of Helsinki and was approved by the institutional review
board. All subjects provided written informed consent.

Echocardiographic data

All MS subjects underwent transthoracic echocardiogram
(TTE) using a GE Vivid E9 system (GE Ultrasound,
Horten, Norway) and a 2.5 MHz matrix array trans-
ducer in keeping with current recommendations (Lang
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et al. 2005). LV elastance measurements were derived from
simultaneously acquired LV volumes by echocardiography
and invasive pressures just prior the PTMC. The
echocardiographic and invasive recordings were then
repeated within 5 min following PTMC.

LV end-systolic volume (LVESV), end-diastolic volume
(LVEDV) and ejection fraction (EF) were measured
according to current recommendations employing the
Simpsons biplane method from two-dimensional TTE
four- and two-chamber apical recordings (Lang et al.
2005). Stroke volume (SVDoppler) was calculated by
multiplying the cross-sectional area of the LV outflow
tract (LVOT) with the Doppler-derived velocity time
integral (VTILVOT). Mitral valve area (MVA) was measured
by planimetry and MR was graded semi-quantitatively.
Continuous (CW) and pulsed wave (PW) recordings
of the inflow mitral velocities (E and A wave) were
performed. The mean transmitral gradient (MVGmean)
was measured using the CW recordings according to
current recommendations (Lang et al. 2005). Spectral
tissue velocities were recorded in the septal and lateral
mitral annulus in the patient cohort and in controls
using a 5 mm PW sample volume and the early myo-
cardial relaxation velocity (E′) as well as the annular tissue
velocity during atrial contraction (A′) were recorded. The
Wilkins score (WS) was employed to assess valve suitability
for the procedure (Wilkins et al. 1988). All analyses
were performed offline (EchoPac PC, GE Ultrasound,
Waukesha, WI, USA).

Catheterization data

Right heart catheterization was performed using a 6F
Swan-Ganz catheter in all MS patients. Right atrial
mean pressure (RAPm), right ventricular systolic pressure
(RVPs), pulmonary artery systolic and mean pressure
(PAPs; PAPm) and mean pulmonary capillary wedge
pressure (PCWPm) were measured under fluoroscopy
after careful calibration with the zero level set at the
mid-thoracic line. Concurrently, a 6F pigtail catheter
was advanced through the femoral artery to measure
systolic, mean and diastolic arterial pressures (Ps, Pm, Pd)
with subsequent LV end-diastolic pressure (LVEDP) and
end-systolic pressure (LVESP) recordings before and after
PTMC. Trans-septal puncture was performed with an 8F
Mullins sheath, dilator and a Brockenbrough needle. Left
atrial pressure (LAP) was subsequently recorded. Pressure
tracings were stored (WITT Series III, Witt Biomedical
Corp., Melbourne, FL, USA) and analysed off-line.

PTMC was performed using a 24 to 28 mm Accura
balloon catheter (Vascular Concepts, Halstead, UK) by
experts (P.K.D., B.B.) who have individually performed
>4000 procedures. The procedure was considered
successful if the resultant MVA was >1.5 cm2 with less

than +1 grade increase in MR. Cardiac output (CO) and
vascular resistances were measured before and after PTMC
in conjunction with pressure–volume measurements. CO
was calculated employing the estimated Fick’s method
with the oxygen consumption (VO2 ) obtained from a
standard nomogram.

Measurements of LV and effective arterial elastance

Ea constitutes a ‘lumped index’ of LV afterload in the time
domain and was calculated as

E a = LVESP/SVDoppler. (1)

For the study’s purposes the calculation of Ea was
performed based on estimated LVESP values as derived
from the equation

LVESP = 0.9 × P s fem (2)

as this accurately approximates LVESP in pressure–volume
loop measurements and has been widely used to evaluate
ventriculo-arterial coupling (Kelly et al. 1992). More
specifically, in MS patients Ea was calculated invasively
(Ea INV) using the Ps recorded from the femoral artery.
Additionally, non-invasive estimated Ea (Ea NI) was
calculated using the regression equation derived from
the validation group in order for the measurement to
correspond to the Ea NI assessment in controls.

Ees was calculated using the single-beat approach
developed by Chen et al. (2001). Importantly, this method
does not assume that the volume axis intercept of ESPVR is
at the origin of the diagram (0; 0) but can be extrapolated
to intersect the volume axis at the point V0; 0 (Chen et al.
2001). Briefly, Ees was calculated as:

E es(sb) = [
Pd fem − (

E Nd(est) × LVESP
)]

/
[
SVDoppler × E Nd(est)

]
(3)

where ENd(est) represents group-averaged normalized Ees

values as a function of EF and the ratio of diastolic (Pd fem)
and systolic (Ps fem) arterial pressure at the level of the
femoral artery as described by the equation:

E Nd (est) =0.0275−0.165 × EF + 0.3656 x (Pd fem/P s fem)

+ 0.515 × E Nd (avg) (4)

In this equation, ENd (avg) is given by a seven-term poly-
nomial function:

E Nd(avg) =
∑

i=0

ai × ti
Nd

where summation is performed for i = 0 to 7, using values
for ai of [0.35695; −7.2266; 74.249; −307.39; 684.54;
−856.92; 571.95; −159.1], respectively.

C© 2015 The Authors. The Journal of Physiology C© 2015 The Physiological Society
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The tNd value was determined as the ratio of the
pre-ejection (R-wave to flow onset) to the total systolic
period (R-wave to flow termination), with the time at
onset and termination of flow obtained from pulsed
Doppler in LVOT. LVESP in eqn (3) was estimated as
stated above in eqn (2), i.e. LVESP = 0.9 × Ps fem.

LV end-diastolic chamber stiffness was estimated
from the ratio of LVEDP and LVEDVi as described
by Kass (2000). Furthermore, the LV end-diastolic
pressure–volume relationship (EDPVR) was investigated
employing the single-beat method described by Klotz et al.
(2006).

Validation study

As provided above, Ees measurements in MS patients
were based on invasive pressure measurements at
the femoral artery level. However, invasive pressure
measurements were not performed in controls and the
Ees in that group was calculated based on non-invasive
sphygmomanometric measurements in the brachial
artery. To investigate the relationship between the two
different approaches we performed a validation study
on 14 MS patients referred for PTMC in whom
simultaneous pressure measurements were performed
sphygmonanometrically in the brachial artery and
invasively in the femoral artery.

Stratification of subjects by severity of MS

MS subjects were dichotomized post-hoc based on MVA
of � 0.8 and > 0.8 cm2. Additionally, the MS group was
stratified based upon WS (low: �9; high: >9).

Echocardiographic and haemodynamic measurements
in controls

The 40 subjects constituting the control arm of the study
underwent TTE and simultaneous sphygmomanometric
measurements for pressure recordings at the left arm.
Systolic (Ps brach) and diastolic brachial artery pressures
(Pd brach) were recorded. With regard to echocardiographic
data, volumetric and quantitative two-dimensional and
Doppler measurements were performed and analysed as
assessed in the patient cohort. For measurements of Ea and
Ees, LVESP was estimated using the systolic brachial artery
pressure as recorded sphygmomanometrically and derived
from the equation: LVESP = 0.9 × Ps brach. Similarly, for Ees

measurements eqns (3) and (4) were modified for controls
using the non-invasive brachial artery pressures, i.e.:

E es(sb) = [
Pd brach − (

E Nd(est) × LVESP
)]

/

[SVDoppler×E Nd(est)] (3a)

and

E Nd (est) = 0.0275 − 0.165 ×
+ 0.3656 x (Pd brach/P s brach) + 0.515 × E Nd (avg) (4a)

In controls, PCWP was calculated according to the
equation PCWP = 1.24 [E/E′] + 1.9, as proposed by
Nagueh et al. (1997). In this equation, E denotes the peak
early transmitral inflow velocity (E wave) and the E′ is
the early myocardial tissue Doppler velocity at the lateral
mitral annulus (Nagueh et al. 1997).

Based on the assumption that PCWP equals LVEDP
in healthy individuals, LV end-diastolic chamber stiffness
was estimated in controls using the two aforementioned
methods, i.e. the end diastolic pressure–volume ratio
(Kass, 2000) and the single beat approach (Klotz et al.
2006).

Statistical analysis

Statistical analysis was performed using SPSS version
16.0 (SPSS Inc., Chicago, IL, USA). Continuous variables
were expressed as mean ± SD and categorical variables
in absolute values and percentage. The Shapiro–Wilk
test was used to check normality. Continuous variables
were compared using the paired Student t test or
the Wilcoxon test. Controls were compared with study
subjects using the Mann–Whitney test. Correlations
between variables were tested by the Pearson two-tailed
correlation. Multiple regression analysis was used to
identify independent confounders of end-diastolic LV
stiffness. All tests were performed at 95% confidence inter-
vals, and a P-value of < 0.05 was considered statistically
significant. Mann–Whitney U test was performed for
analysis of the difference between the predicted elastance
values derived from the validation study and the
corresponding non-invasive values for controls. Analysis
of inter- and intraobserver variability was performed for
Ees in 10 patients by two observers. Methodological error
(Err) in a single measurement estimated from double
measurements was calculated according to formula:
Err = (SDdiff × 100%)/(total mean × �2), where SDdiff

is the SD of the difference between the measurements
(Dahlberg, 1940)

Results

Study population

Of the 120 patients enrolled, 14 were excluded due to
severe MR following leaflet tear during PTMC (n = 6),
tamponade (n = 2), unsuccessful PTMC (n = 1) and
incomplete oximetry data (n = 5). In effect, 106 subjects

C© 2015 The Authors. The Journal of Physiology C© 2015 The Physiological Society
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Table 1. Baseline and echocardiographic characteristics of the study population

Variable Controls (n = 40) MS (n = 106) P

Female 28 (70%) 77 (72%)
BSA (m2) 1.5 ± 0.1 1.4 ± 0.1
HR (beats min–1) 76 ± 10 75 ± 10
SBP (mmHg) 116 ± 9 108 ± 10 <0.001
NYHA Class

II 59 (56%)
III 47 (44%)

Prior PTMC 34 (32%)
Medication (%)

Atenolol 25 mg 100%
Amiloride + furosemide 40 mg 100%

MR severity
No MR 34 (32%)
Grade I 72 (68%)

Wilkins score
�8 47 (44%)
>8 59 (56%)

MVA (cm2) 4.7 ± 0.9 0.8 ± 0.2 <0.001
MVGmean (mmHg) 1 ± 0.3 19 ± 9 <0.001
LVEDV (ml) 88 ± 18 82 ± 24 n.s.
LVEDVindex (ml m−2) 57 ± 9 57 ± 16 n.s.
LVESV (ml) 28 ± 7 34 ± 12 <0.05
LVESVindex (ml m−2) 19 ± 4 23 ± 9 <0.001
SVDoppler (ml) 71 ± 13 49 ± 16 <0.001
EF (%) 66 ± 5 60 ± 8 <0.001

PTMC, percutaneous transvenous mitral commisurotomy; BSA, body surface area; HR, heart rate; MR, mitral regurgitation; LVID,
left ventricular internal diameter; d, diastolic; s, systolic; LVEDV, end-diastolic volume; LVESV, end-systolic volume; SVDoppler,
Doppler-derived stroke volume; EF, ejection fraction; MVA, mitral valve area; MVGmean, mean mitral valve gradient; RVSP, right
ventricular systolic pressure.

(age 32 ± 8 years, 72% female) were analysed. Table 1
summarizes the population characteristics. In total, 46%
demonstrated markedly narrowed MVA (�0.8 cm2).
Despite lower EF as compared to controls, LV contractility
was significantly higher in MS patients (Ees: 4.1 ± 1.6 vs.
2.4 ± 0.6 mmHg ml−1; P < 0.001).

LV and arterial elastance in MS

Ees was inversely associated with SV in the MS group
(r =−0.66; P < 0.001). LVEDV did not differ significantly,
but LVESV was larger among MS subjects as was afterload
(Ea: 3.0 ± 1.3 vs. 1.5 ± 0.3 mmHg ml−1; P < 0.001).
Figure 1 illustrates ESPVR in controls and MS subjects.
Controls demonstrated a positive association between Ea

and LVEDV (r = 0.60; P < 0.001), whereas an inverse
relationship was seen in the MS group (r = −0.73;
P < 0.001) with a strong positive correlation between Ea

and Ees (r = 0.74; P < 0.001). Ea in the MS group was
inversely related to EF (r = −0.54; P < 0.001), exhibiting
a weak association with heart rate (r = 0.34; P = 0.005).

MS severity and elastance

Patients with MVA � 0.8 cm2 (n = 47) displayed similar
LV contractility (Ees: 4.3 ± 1.6 vs. 3.8 ± 1.7 mmHg ml−1;
P > 0.05) but considerably higher Ea (3.3 ± 1.3 vs.
2.8 ± 1.3 mmHg ml−1; P = 0.03) compared to the rest of
the MS group. Subjects with high WS (n = 17) had elevated
arterial load compared to those with low WS (n = 85) (Ea:
3.7 ± 1.7 vs. 3.0 ± 1.2 mmHg ml−1; P = 0.04), while Ees

between the two groups did not differ significantly (Ees:
4.0 ± 1.5 vs. 4.6 ± 2.2 mmHg ml−1; P > 0.05).

Normal vs. reduced EF

Twenty-five MS patients (24%) exhibited reduced
EF (� 55%). They showed significantly higher Ees

(5.5 ± 2.9 vs. 3.9 ± 1.4 mmHg ml−1; P = 0.01) and
Ea (5.1 ± 2.3 vs. 2.9 ± 1 mmHg ml−1; P < 0.001) as well
as more extensive subvalvular fusion (SVF: 3 ± 0.4 vs.
3.4 ± 0.4, P < 0.05) compared to those with normal EF
(n = 81).

C© 2015 The Authors. The Journal of Physiology C© 2015 The Physiological Society
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Invasive measurements

As shown in Table 2, all MS subjects demonstrated elevated
intracardiac pressures and reduced CO. Immediately after
commissurotomy, LVEDP (12 ± 4 to 16 ± 4 mmHg;
P < 0.001) and cardiac index (CI; 2.5 ± 0.6 to 3.2 ± 0.8
l min m−2; P < 0.001) rose significantly, with concomitant
SVR (27 ± 8 to 21 ± 8 Wood Units; P < 0.001) and PVR
reduction (4.5 ± 4 to 3.4 ± 3 Wood Units; P < 0.001); no
significant changes in arterial pressures were noted.

Diastolic changes

In MS patients, LVEDP correlated significantly with
RVEDP (r = 0.43, P < 0.001) and CI (r = 0.24, P < 0.05)
and was elevated (>16 mmHg) in 24 cases (23%).
Following PTMC, LVEDP further increased (>16 mmHg
in 52% of the cases). LV stiffness was significantly higher
in the MS group compared to controls both when
using the EDPVR of the operant LV stiffness and when
estimating the beta value derived from the single beat
approach (Fig. 2). In the patient cohort, a reduction
in LV stiffness occurred in only 11 patients. When
comparing the two groups, patients with a reduction in
chamber stiffness following PTMC had lower MVGmean

prior to PTMC as compared to the corresponding
group with increased LV stiffness (MVGmean 15.7 ± 10.8
vs. 20.8 ± 9.1 mmHg) and lower RVPs (44 ± 10.1
vs. 63.5 ± 24 mmHg). Multiple regression analysis
identified RVEDP, Ea and MVAi as constituting the only
independent predictors of LV stiffness both before and
after PTMC as described by the regression equation:
LV stiffness = 0.165 + 0.1 × RVEDP + 0.03 × Ea

−0.147 × MVAi, with an overall model fit of r2 = 0.41,
F1,94 = 21, P < 0.001. Furthermore, RVEDP at baseline
acted as the sole independent predictor of the magnitude

of augmentation of the beta value following dilatation of
the MV (r = 0.41, P < 0.001). On the other hand, no
correlation between LV stiffness and WS, SVF or age was
found.

Haemodynamic alterations following PTMC

MVA increased in all cases following PTMC (0.8 ± 0.2 to
1.6 ± 0.2 cm2; P < 0.001) with a corresponding reduction
in the transmitral gradient (19 ± 9 to 5 ± 2 mmHg;
P < 0.001) (Table 3). Immediately after PTMC, both Ees

(4.1 ± 1.6 to 3.5 ± 1.3 mmHg ml−1; P < 0.001) and Ea

(3.0 ± 1.6 to 2.6 ± 1.1 mmHg ml−1; P < 0.001) returned
to more normal values with a concomitant increase in
preload (LVEDV: 82 ± 2 to 90 ± 24 ml; P < 0.001), EF
(60 ± 8 to 64 ± 8%; P < 0.001) and SVDoppler (49 ± 16
to 57 ± 17 ml; P < 0.001). Importantly, both methods for
assessing LV stiffness revealed a significant reduction in
chamber compliance following PTMC, with higher beta
and lower alpha values following PTMC, indicating right
and upward change in EDPVR following intervention.

Validation measurements

In the validation group comprising 14 MS patients,
simultaneous pressures were acquired sphygmomanom-
etrically at the brachial artery level and invasively at
the femoral artery level (Table 4). The non-invasive
Ees measurements (Ees NI) were highly correlated to
the invasively derived Ees (Ees INV) (r2 = 0.94,
Ees NI = 0.16 + 0.86 × Ees INV) although significantly
lower (P = 0.005). Using the regression equation
derived from the validation study, we calculated the pre-
dicted Ees NI in our patient cohort to verify that the
observed difference between the Ees INV and non-invasive

Figure 1. Left ventricular end-systolic
elastance (Ees) and arterial elastance (Ea) in
severe rheumatic mitral stenosis (MS) as
compared to normal subjects
MS patients demonstrated significantly elevated
Ees and Ea as compared to controls. Values shown
here represent the mean for the two study groups.
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Table 2. Invasive haemodynamic variables in the study population before and immediately after PTMC

Variable Controls (n) Pre-PTMC (n) Post-PTMC (n) P

RAPm (mmHg) 6 ± 3 5.7 ± 3 n.s.
PAPs (mmHg) 58 ± 24 (105) 49 ± 17 (105) <0.001
PAPm (mmHg) 39 ± 14 (105) 32 ± 11 (105) <0.001
PCWPm (mmHg) 9.5 ± 1.2 (40) 25 ± 7 (104) 18 ± 5 (104) <0.001
LAPm (mmHg) 26 ± 7 (104) 18 ± 5 (104) <0.001
LVESP (mmHg) 135 ± 18 (104) 132 ± 18 (104) n.s.
LVEDP (mmHg) 12 ± 4 (104) 16 ± 4 (104) <0.001
RVEDP (mmHg) 7.8 ± 4.2 (104) 7.6 ± 4.1 (104) n.s.
Arterial systolic pressure (mmHg) 134 ± 22 (98) 131 ± 19 (98) n.s.
Arterial mean pressure (mmHg) 97 ± 13 (98) 97 ± 14 (98) n.s.
Arterial diastolic pressure (mmHg) 74 ± 12 (98) 75 ± 12 (98) n.s.
Arterial pulse pressure (mmHg) 59 ± 17 (98) 56 ± 15 (98) n.s.
CI (l min–1 m−2) 2.5 ± 0.6 (104) 3.2 ± 0.8 (104) <0.001
PVR (Wood Units) 4.5 ± 4 (103) 3.4 ± 3 (103) <0.001
SVR (Wood Units) 27 ± 8 (99) 21 ± 8 (99) <0.001
Ees INV (mmHg ml−1) 4.1 ± 1.6∗ (95) 3.5 ± 1.3∗ (91) <0.001
Ees NI (mmHg ml−1) 2.4 ± 0.6 (40) 3.7 ± 1.4∗ (95) 3.2 ± 1.2∗ (91) <0.001
Ea INV (mmHg ml−1) 3.1 ± 1.3∗ (101) 2.6 ± 1.1∗ (102) <0.001
Ea NI (mmHg ml−1) 1.5 ± 0.3 (40) 2.7 ± 1.2∗ (101) 2.3 ± 1.0∗ (102) <0.001
LV stiffness (mmHg ml−1) 0.17 ± 0.04 (40) 0.23 ± 0.1∗ (99) 0.26 ± 0.1∗ (99) <0.001
Beta (EDPVR) 5.84 ± 0.03 (40) 5.95 ± 0.17∗ (99) 6.2 ± 0.52∗ (99) <0.001
Alpha (EDPVR) × 10−11 (mmHg) 7.6 ± 7.7 (40) 35.2 ± 143 (99) 9.1 ± 2.52∗ (99) <0.001

PAP, pulmonary artery pressure; PCWP, pulmonary capillary wedge pressure, LAPm, left atrial mean pressure; LVEDP, left ventricular
end diastolic pressure; LVESP; left ventricular end systolic pressure; RVEDP, right ventricular end diastolic pressure CI, cardiac index;
PVR, pulmonary vascular resistance; SVR, systemic vascular resistance; Ees INV, invasively derived LV elastance; Ees NI, non-invasively
derived estimated LV elastance; Ea INV, invasively derived arterial elastance; Ea NI, non-invasively derived estimated arterial elastance;
EDPVR, end diastolic pressure–volume relation. P values indicate the significance of differences between pre- and post-PTMC data in
the MS group. Significant differences between the control and pre- or post PTMC MS group values are indicated by asterisks.

measurements in controls was valid. As shown in Table 4,
the predicted Ees NI values in MS patients both before
(Ees NI pre = 3.7 ± 1.4 mm Hg ml−1) and after PTMC
(Ees NI post = 3.2 ± 1.1 mm Hg ml−1) were higher as
compared to the controls (Ees NI controls = 2.4 ± 0.6)
(z = −4.4 and z = −2.2, respectively) with the mean
Ees NI pre and Ees NI post being 38 and 28% higher than the
corresponding values in controls.

Similarly, we calculated the predicted Ea values
based on the validation study. An excellent correlation
between invasive (Ea INV) and non-invasively derived Ea NI

(r2 = 0.97, P < 0.001) was found in the validation group.
As shown in Table 4, the Ea NI was lower as compared to
Ea INV (Ea NI = 0.04+0.87 × Ea INV, P < 0.001). Based on
that equation, the predicted Ea NI was calculated in our
patient group both before and following PTMC (Table 3).
We also inferred that MS patients showed significantly
higher Ea values compared to controls, and this was valid
for the measurements both before and after PTMC.

Inter- and intraobserver variability analysis showed
relatively low error for repeated measurements of Ees (7.7
and 12.8% for intra- and interobserver measurements,
respectively).

Discussion

To our knowledge, this is the largest invasive study
evaluating LV performance in patients with pure
rheumatic MS. Contrary to some previous reports,
we demonstrate augmented LV contractility along with
reduced LV compliance in severe MS. Our data indicate
that EF poorly describes the inherent LV performance
in this patient population. The elevated arterial load is
strongly associated with LV stiffness and MS severity.
Finally, the elevated LV contractility and afterload at base-
line returned to more normal levels immediately following
PTMC, along with a further increase in LV stiffness.

LV performance in rheumatic MS has been an issue
of debate with conflicting observations that might partly
be attributed to the load susceptibility of the various
measurements employed for the quantification of LV
function (Ahmed et al. 1977; Kaku et al. 1988). Indeed,
based on the analysis of indices such as EF, stroke
work as well as ESPVR and wall motion scoring, earlier
studies reported evidence of impaired LV function in
MS patients (Heller & Carleton 1970; Curry et al. 1972;
Hildner et al. 1972). Reduced SV in relation to LV
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end-diastolic pressures at rest and during exercise as
well as depressed EF have been previously interpreted
as indicative of impaired LV function in these patients
(Horwitz et al. 1973). Regardless, given the limited pre-
load recruitment secondary to MS, lower LV output
per se may not imply impaired ventricular performance.
Similarly, circumferential fibre shortening rate (Vcf)
was found to be reduced, thus arguing for myocardial
dysfunction in this patient population (Holzer et al.
1973). However, experimental studies demonstrated that
Vcf varies inversely with afterload alterations (Covell
et al. 1966; Urschel et al. 1968). In contrast, Ahmed
and colleagues (Ahmed et al. 1977) assessed dP/dt/Pmax

and reported preserved LV contractile function in MS
patients, although later studies have shown that even this
approach is subjected to load dependency, thus providing
unreliable results in the setting of MS (Schmidt and Scheer,
1981).

In the present report, LV function was assessed by
ESPVR, a relatively load-independent approach well suited
for MS (Suga et al. 1973; Suga and Sagawa, 1974). Our
findings refute the notion of impaired LV contractile
performance in severe MS advocated in previous studies.
Instead, they indicate a state of elevated LV contra-
ctility, as demonstrated by a roughly 40% higher Ees in
MS patients compared to that of age-matched controls.
A direct comparison of the single beat Ees with other
than EF LV performance indices was not performed
in the current study, and thus a detailed physiological
explanation of the discrepancy compared to previous

findings is not appropriate. However, in an attempt to
approach a constructive appreciation of the current results
we suggest that they might reflect a less pronounced load
sensitivity of Ees as compared to other previously employed
LV function measurements. Increased sympathetic activity
has been demonstrated in patients with MS and has been
ascribed to the decreased SV secondary to the reduced
space of the mitral valve (Ashino et al. 1997). The depressed
LV ventricular output would yield a reduction in afferent
activity of the baroreceptors, which has been considered
as a possible cause of sympathetic activation in these
patients (Ashino et al. 1997). Apart from the elevated Ees,
we demonstrate increased arterial load and systemic peri-
pheral vascular resistance in MS patients as compared to
controls, a constellation of findings that might advocate
increased sympathetic activity in our patient cohort.
A significant association between sympathetic activity
and systemic vascular resistance has been previously
demonstrated (Ashino et al. 1997). The elevated LV
elastance in MS patients as compared to controls in the
present study stands in contrast to the findings of Liu et al.
(1992) showing similar Ees values in MS patients compared
to controls. A plausible explanation for this disparity might
lie in the discrepancy of haemodynamic findings between
the two cohorts; in our study, MS subjects demonstrated
lower CO (3.0 ± 1.0 vs. 3.7 ± 0.9 l min−1), higher LAP
(26 ± 7 vs. 18 ± 7 mmHg) and higher PAPm (58 ± 24 vs. 41
±13 mmHg). These haemodynamic discrepancies suggest
lower baroreceptor sensitivity (Ferguson et al. 1990) and
increased atrial stretch (Koizumi et al. 1977; Ashino et al.

Figure 2. Left ventricular (LV) diastolic stiffness as
expressed by the ratio of LV end-diastolic pressure to LV
end-diastolic volume
Patients with MS demonstrated elevated LV stiffness
compared to controls. Following percutaneous transvenous
mitral commissurotomy (PTMC), a further significant increase
in LV stiffness was documented.
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Table 3. Echocardiographic variables in the study population before and immediately after PTMC

Variable Pre-PTMC Post-PTMC P

HR (beats min–1) 75 ± 10 77 ± 15 n.s.
LVEDV (ml) 82 ± 24 90 ± 24 <0.001
LVEDVindex (ml/m2) 57 ± 16 64 ± 16 <0.001
LVESV (ml) 34 ± 12 33 ± 12 n.s.
LVESVindex (ml/m2) 23 ± 9 23 ± 9 n.s.
SVDoppler (ml) 49 ± 16 57 ± 17 <0.001
EF (%) 60 ± 8 64 ± 8 <0.001
MVA (cm2) 0.8 ± 0.2 1.6 ± 0.2 <0.001
MVGmean (mmHg) 19 ± 9 5 ± 2 <0.001

HR, heart rate; LVEDV, left ventricular end diastolic volume; LVESV, left ventricular end systolic volume; SVDoppler, Doppler-derived
stroke volume; EF, ejection fraction; MVA, mitral valve area; MVG, mitral valve gradient.

1997), which in turn imply increased sympathetic tone
and hence elevated contractility.

LV systolic function and arterial load

Consistent with previous results, our MS patients
demonstrated significantly increased afterload (Liu et al.
1992) with 24% of them showing reduced EF (< 55%)
(Kennedy et al. 1970; Gash et al. 1983). Ees, however,
was not significantly different in these patients, whereas
arterial load was higher (Ea: 4.1 ± 1.9 vs. 2.8 ± 0.9,
P < 0.001) compared to those with preserved EF. The
concept of ventriculo-arterial coupling posits that EF
is determined by the interaction between LV contra-
ctility and afterload (Sunagawa et al. 1985). Providing
there are no alterations in contractility, PV loop analysis
suggests that a 33% afterload reduction (representing the
measured difference between mean Ea in the two MS
groups) yields an EF increase of roughly 20%, consistent
with our results (Kass et al. 1990). Furthermore, with the
reduction of Ea observed following PTMC (from 4.1 ± 1.9
to 3.5 ± 1.7 mmHg ml−1), EF normalized (EF: 60±9%) in
all cases with depressed LV performance at baseline. This,
together with the significant inverse correlation between
Ea and EF, suggests that employing EF to describe LV
performance in severe MS can be misleading.

MS subjects demonstrated significantly higher LVESV,
but not LVEDV, suggesting afterload mismatch (Ea vs.
LVEDV, r = −0.75; P < 0.001) only partially compensated
for by an increase in contractility (Ees vs. LVEDV, r = 0.61;
P < 0.001). In normal hearts, afterload elevation is
countered by preload increase to prevent SV reduction.
However, MS hinders adequate preload recruitment (MVA
vs. LVEDV, r = 0.4; P < 0.001), thereby limiting preload
reserve. Hence, despite elevated Ees, the raised arterial load
cannot be overcome owing to a hampered Frank–Starling
mechanism, yielding lower SV. Although in normal hearts
increased LVESV often indicates reduced inotropy, a more

applicable explanation in MS could be a state of exhausted
contractile reserve, or the LV’s inability to further increase
Ees. This ‘ceiling effect’ in contractility may also be
attributed to the inhibiting impact of β-blockers, partially
preventing further increases in LV contractility.

LV performance and MS severity

Previous studies have demonstrated a rapid rise in
tension in the subvalvular apparatus (Salisbury et al.
1963; Semafuko & Bowie, 1975) during isovolumetric LV
contraction, and a considerable reduction in Ees when the
chordae were severed (Hansen et al. 1986). To investigate
the influence of mitral apparatus on LV performance,
we sub-grouped our patients based on WS, degree of
chordal fusion and length separately. Although LV contra-
ctility did not differ between these groups, subjects with
EF < 55% displayed a significantly higher degree of sub-
valvular fusion. Our results also suggest that LV afterload
is related to the degree of valvular deformation, as reflected
by increased Ea in patients with higher valve scores.

LV diastolic function in MS

Previous studies have shown reduced LV compliance
in MS patients (Liu et al. 1992; Mayer et al. 1999).
A number of possible mechanisms for this observation
have been proposed, including a mechanically mediated
increase in LV stiffness by the rigid mitral apparatus
(Heller & Carleton 1970; Curry et al. 1972), inherent
myocardial alterations due to rheumatic disease, as
well as altered RV loading and inter-ventricular inter-
action with this condition (Mayer et al. 1999). Our
results provide important details regarding the possible
underlying mechanisms of the reduced end-diastolic LV
compliance in MS patients. First, we show that the
degree of MV stenosis could independently predict the
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Table 4. Simultaneous invasive and non-invasive pressure and elastance measurements in the validation group

Variable Invasive Non-invasive PTMC P

Systolic arterial pressure (mmHg) 123 ± 18 (14) 107 ± 11 (14) <0.001
Diastolic arterial pressure (mmHg) 68 ± 9 (14) 62 ± 7 (14) 0.047
Ees (mmHg ml–1) 4.15 ± 1.8 (14) 3.74 ± 1.6 (14) <0.001
Ea (mmHg ml–1) 3.1 ± 1.4 (14) 2.7 ± 1.2 (14) <0.001

Ees, LV elastance; Ea, effective arterial elastance.

degree of LV compliance. In that sense a more rigid and
immobile valvular apparatus could act in a constraining
manner reducing the distensibility of the LV during
diastolic filling, as suggested by Liu et al. (1992). More
importantly, RVEDP was identified as a strong predictor
of end-diastolic LV stiffness. The role of inter-ventricular
interaction in the setting of EDPVR has been suggested
by Curry et al. (1972). In their study, MS patients with
enlarged RV, reflecting increased RV preload, displayed
impaired anterolateral wall motion and LV function; this
observation was ascribed to the mechanical influence
of the RV. Another group of investigators showed that
RVEDP was associated with LV diastolic conditions in MS
patients (Mayer et al. 1999). It has been suggested that
a right to left interaction in MS might be secondary to
alterations in anterolateral wall motion due to RV pressure
overload (Nagel et al. 1996).

Acute haemodynamic alterations following PTMC

Following PTMC, SV and LVEDV rose significantly,
while Ees returned to more normal values. SV elevation
was directly related to the effect of the Frank–Starling
mechanism (�LVEDV vs. �SV; r = 0.73, P < 0.001),
suggesting that following MV dilatation, the LV counter-
acts afterload mismatch by recruiting preload reserve.
Hence, the fall of LV elastance following PTMC can
be assigned partly to SV increase after the inter-
vention (�SV vs. �Ees; r = −0.37, P < 0.001) as the
increased SV is expected to yield afferent parasympathetic
baroreceptor stimulation. This in turn would inhibit
sympathetic systemic output, resulting in lower arterial
tonus (Ea reduction) and less pronounced LV contra-
ctility. Normalization of the baroreceptor reflex function
has been attributed to CI increase and occurs within
1 week following PTMC (Ashino et al. 1997). Our
findings imply that the arterial pressor reflexes may
be reactivated immediately following valve dilatation,
supporting the notion that their function is impaired
due to haemodynamic rather than structural alterations
(Ferguson et al. 1989). An intriguing finding of the pre-
sent study is that LV end-diastolic stiffness showed a
statistically significant albeit slight increase immediately
after dilatation of the MV when employing two separate

non-invasive measurements of chamber stiffness. In fact,
an elevation of chamber stiffness was noted in roughly 90%
of the patients. Our data provide a plausible explanation
for this finding as we have identified RV preload as the only
independent predictor of the increases in EDPVR slope
following PTMC. The presence of a non-distensible peri-
cardium surrounding the two ventricles and the common
septal wall shared by the two chambers contribute to the
haemodynamic interaction between the two ventricles.
In particular, the diastolic interaction between the two
chambers has been increasingly recognized recently. In
the setting of MS, the increased RVEDP occurring in
MS due to pulmonary hypertension might be a plausible
explanation for the increased LV stiffness. The observation
that RVEDP did not change significantly following inter-
vention, despite a significant fall in systolic RV pressures,
adds weight to this hypothesis as after opening of the MV
the LV has to accommodate larger volumes (increase in
LVEDV). This would add a further constraint and thus
lead to elevated LV stiffness. Although the present study
did not investigate possible changes in myocardial stiffness
following PTMC, it appears not to provide a plausible
explanation for the altered LV chamber stiffness observed
after MV dilatation.

Clinical implications

EF is misleading when studying LV performance in
patients with MS as a result of the elevated LV after-
load. The single-beat approach to measuring Ees provides
a feasible, more comprehensive evaluation of LV function.
Optimal pharmacological inhibition of the adrenergic
activation might have a beneficial effect in MS patients.

Limitations

In the present study, non-invasive indices of LV and
arterial function were used. LV end-diastolic stiffness and
LV elastance as well as arterial elastance are optimally
recorded using conductance catheters. However, all the
aforementioned non-invasive measurements are validated
against gold standard invasive methods (Kelly et al.
1992; Kass, 2000; Chen et al. 2001). Additionally, in
our study, we calculated Ees and Ea using the invasively
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derived pressures, whereas in the controls non-invasive
pressure measurements were performed for the same
reason. This limitation of the study was addressed by
a validation study. The predicted values for the patient
cohort, although different from the invasive data, did not
alter the results of the study. Furthermore, in controls
LV chamber stiffness was measured using PCWP values
estimated using a previously proposed equation (Nagueh
et al. 1997). As the authors in that study reported a
standard error of approximately 4 mmHg, this would
result in overlap in LV stiffness between MS patients and
controls. To resolve this concern we proceeded by using
a PCWP value of 11 mmHg for all healthy controls (the
generally accepted upper normal value in young healthy
subjects). Measurements of LV stiffness thus revealed that
even in that extreme case LV stiffness in controls was
significantly lower (0.2 ± 0.03 mmHg ml−1) as compared
to MS patients (P < 0.001). Doppler and two-dimensional
echocardiographic measurements entail an inherently
larger variability compared to invasive measurements. On
the other hand, measurements of intra- and interobserver
variation performed for Ees show a rather low variation
for repeated single measurements. Finally, patients in our
study had advanced rheumatic MS (WS > 8 in 56% of
cases) and may not represent the haemodynamic state
in less severe degrees of stenosis. However, the study adds
important physiological insight into severe rheumatic MS.

Conclusion

Subjects with severe MS exhibit a hypercontractile LV,
most probably reflecting an increased sympathetic tone.
With preload recruitment immediately following PTMC,
LV afterload and contractility tend to normalize in most
patients. Finally, we demonstrate that heightened arterial
load is associated with MS severity.
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Methods and results Invasive hemodynamic and echo-
cardiographic data of 120 patients with PH due to severe 
rheumatic mitral stenosis before and immediately after per-
cutaneous valvulotomy, along with 40 age-matched healthy 
controls, were analyzed. Effective arterial (Ea) and ven-
tricular elastance (Ees) were measured. PH patients dem-
onstrated elevated LV afterload (Ea) along with AV uncou-
pling, and these derangements were more evident in the 
Cpc-PH group [Ea: 3.3 (2.3–5.4) vs 2.6 (2.1–3.5) mmHg/
mL, Ea/Ees: 0.73 (0.6–0.9) vs 0.88 (0.7–1.2), p < 0.05]. In 
addition, PH was associated with reduced LV deforma-
tion, which was mainly determined by elevated Ea, while 
the effect of interventricular interaction was limited to the 
septal wall.
Conclusions Our results suggest that in addition to the 
interventricular interaction, an abnormal AV coupling con-
tributes to the altered LV mechanics that has been associ-
ated with adverse prognosis in Cpc-PH.

Keywords Pulmonary hypertension · Ventricular function · 
Strain · Elastance · Stiffness

Abbreviations
AV  Arterial-ventricular
BSA  Body surface area
CI  Cardiac index
Cpc-PH  Combined pre- and post-capillary pulmonary 

hypertension
DPG  Diastolic pulmonary pressure gradient
Ea  Effective arterial elastance
EDV  End-diastolic volume
Ees  Left ventricular elastance
EF  Ejection fraction
ESV  End-systolic volume
LA  Left atrium

Abstract 
Background Isolated post-capillary pulmonary hyperten-
sion (Ipc-PH) is characterized by elevated left atrial pres-
sures that are passively transmitted upstream, whereas com-
bined pre- and post-capillary PH (Cpc-PH) demonstrates 
additional reactive changes in pulmonary vasculature. The 
increased load imposed on the right ventricle (RV) influ-
ences left ventricular (LV) mechanics by means of inter-
ventricular interaction. However, there is lack of evidence 
to substantiate the effect of possible additional alterations 
in the arterio-ventricular (AV) coupling and their effect on 
LV function. Considering the discrepant RV load in Cpc-
PH and Ipc-PH, we sought to investigate whether these two 
conditions are also characterized by differential alterations 
in AV coupling.
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LAP  Left atrial mean pressure
LHD  Left heart disease
LS  Longitudinal strain
LV  Left ventricle
LVEDP  Left ventricular end-diastolic pressure
LVESP  Left ventricular end-systolic pressure
LV-LS  Global left ventricular longitudinal strain
LV-LSlat  Longitudinal strain of the LV lateral wall
LV-LSsept  Longitudinal strain of the septal wall
MS  Mitral stenosis
PAPd  Pulmonary arterial diastolic pressure
PAPm  Pulmonary arterial mean pressure
PAWP  Pulmonary artery wedge pressure
Pd  Diastolic systemic arterial pressure
PH  Pulmonary hypertension
Pm  Mean systemic arterial pressure
Ipc-PH  Isolated post-capillary pulmonary hypertension
Ps  Systolic systemic arterial pressure
PTMC  Percutaneous transvenous mitral 

commissurotomy
PVR  Pulmonary vascular resistance
RV  Right ventricle
RVEDP  Right ventricular end-diastolic pressure
RVSP  Right ventricular end-systolic pressure
RV-LS  Longitudinal strain of the RV free wall
SV  Stroke volume
TAPSE  Tricuspid annular plane systolic excursion
TPG  Transpulmonary gradient

Introduction

Pulmonary hypertension (PH) is frequently associated 
with left heart disease and carries an independent prog-
nostic impact on mortality (McGoon and Kane 2009; Ghio 
et al. 2001; Grigioni et al. 2006). Elevated left atrial pres-
sure (LAP) due to left ventricular (LV) dysfunction or val-
vular disease is passively transmitted through the pulmo-
nary capillaries yielding pulmonary artery pressure (PAP) 
increase. In the setting of isolated post-capillary PH (Ipc-
PH), this is governed solely by LAP rise. However, in cer-
tain patients, reactive functional and structural alterations 
in the pulmonary vasculature result in a disproportionate 
PAP elevation, inadequately explained by a post-capillary 
pressure rise alone. This condition, currently referred to as 
combined post- and pre-capillary PH (Cpc-PH), results in 
a further aggravated right ventricular (RV) afterload. The 
current PH guidelines suggest that the diastolic pulmonary 
gradient (DPG) is a reliable index to differentiate these two 
PH sub-groups (Galie et al. 2016). Considering the inverse 
association of RV function with RV outflow impedance and 
the fact that RV dysfunction is an established independent 
determinant of outcome in PH, (Ghio et al. 2001; Meyer 

et al. 2010; Abramson et al. 1992) Cpc-PH is known to 
showcase a worse prognosis as compared to Ipc-PH (Miller 
et al. 2013; Gerges et al. 2013). In addition, considering 
the inherent interdependence between the left and right 
ventricle, an elevated right-sided pressure might influence 
LV performance and, subsequently, impact systemic ven-
tricular-arterial interaction. Given the maladaptive changes 
in the pulmonary vasculature of Cpc-PH subjects and the 
increased RV impedance, we hypothesized that these two 
PH groups might also demonstrate distinctive patterns in 
systemic arterial circulation. Hence, we aimed to investi-
gate systemic AV coupling in a large homogenous cohort 
of young individuals, free from comorbidities, with PH 
secondary-to-rheumatic MS.

Methods

Study population

120 consecutive MS patients in sinus rhythm, referred to 
the Sri Sathya Sai Institute for percutaneous transvenous 
mitral commissurotomy (PTMC) and 40 age-matched 
healthy individuals, were enrolled prospectively. Subjects 
with concomitant aortic valve disease, >1 grade mitral 
regurgitation, ischemic heart disease, systemic hyperten-
sion, or diabetes mellitus were not included. The study 
protocol conformed to the ethical guidelines of the 1975 
Declaration of Helsinki. It was approved by the local insti-
tutional review board [Sri Sathya Sai Institute of Higher 
Medical Sciences Ethics Committee (ESC/12/187/02)]; all 
subjects provided written informed consent.

Echocardiography

All MS subjects underwent transthoracic echocardio-
gram (TTE) using a GE Vivid E9 system (GE Ultrasound, 
Horten, Norway) and a 2.5 MHz matrix array transducer 
in keeping with the current recommendations (Lang et al. 
2005). LV elastance measurements were derived from 
simultaneously acquired LV volumes by echocardiography 
and invasive pressures just prior to the PTMC. The echo-
cardiographic and invasive recordings were then repeated 
within 5 min following PTMC.

LV end-systolic (LVESV) and end-diastolic volumes 
(LVEDV), and ejection fraction (EF) were measured 
according to the current recommendations, employing the 
Simpsons biplane method from 2D TTE 4- and two-cham-
ber apical recordings (Lang et al. 2005). Stroke volume 
(SVDoppler) was calculated by multiplying the cross-sec-
tional area of LV outflow tract (LVOT) with the Doppler-
derived velocity time integral (VTILVOT). Mitral valve 
area (MVA) was measured by planimetry and MR graded 
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semi-quantitatively. Continuous-wave (CW) and pulsed-
wave (PW) recordings of the inflow mitral velocities (E and 
A wave) were performed. The mean transmitral gradient 
(MVGmean) was measured using the CW recordings accord-
ing to the recommendations. The Wilkins score (WS) was 
employed to assess valve suitability for the procedure 
(Palacios et al. 1988). All analyses were performed offline 
(EchoPac PC, GE Ultrasound, Waukesha, Wisconsin).

Invasive hemodynamics

Patients underwent simultaneous RV and LV catheteri-
zation. A 6F Swan-Ganz and a 6F pigtail catheter was 
advanced from femoral access to the pulmonary artery 
and LV, respectively. Right-sided pressures were measured 
under fluoroscopic guidance after careful catheter calibra-
tion. Systolic, mean, and diastolic arterial pressures (Ps, Pm, 
and Pd, respectively) at the femoral artery level were meas-
ured. The zero-pressure level was set at the mid-thoracic 
line. Trans-septal puncture was performed with an 8F Mul-
lins sheath, dilator, and a Brockenbrough needle. Left atrial 
pressures (LAP) were subsequently recorded. Pressure 
tracings were stored (WITT Series III, Witt Biomedical 
Corp., Melbourne, FL) and analyzed offline. PTMC was 
performed using a 24-to-28-mm Accura balloon catheter 
(Vascular Concepts, Essex, UK) by an expert (PKD) who 
has performed >4000 procedures. The procedure was con-
sidered successful if the resultant MVA was >1.5 cm2 with 
less than +1 grade increase in MR. No anesthetics were 
used apart from local subcutaneous lidocaine. All pres-
sure recordings were performed in a minimum of five heart 
cycles at end-expiration and stored for the offline analysis. 
Subsequently, pressures were assessed manually at end-
expiration by a single investigator, limiting possible erro-
neous computerized PAPD measurements and preventing 
potential underestimation of PAWP resulting from averag-
ing pressures throughout the respiratory cycle (Ryan et al. 
2012).

Cardiac output (CO) was calculated employing the esti-
mated Fick’s method; Pulmonary vascular resistance was 
assessed as PVR = (PAPm − PAWP)/CO; transpulmonary 
gradient as TPG = PAPm − PAWP; and diastolic pulmo-
nary gradient as DPG = PAPd − PAWP.

Definitions and subset classification

Post-capillary PH was defined as PAPm ≥ 25 mmHg and 
PAWP > 15 mmHg, and was subdivided into Ipc-PH and 
Cpc-PH based on the DPG (DPG < 7 mmHg as Ipc-PH, 
DPG ≥ 7 mmHg as Cpc-PH). An additional analysis of the 
sub-groups, as defined by the TPG (TPG ≤ 12 mmHg as Ipc-
PH, TPG > 12 mmHg as Cpc-PH), was also performed; the 
results of this are presented in Supplementary Tables 1 and 2.

Indices of estimated arterial‑ventricular coupling

Measurements of LV contractility (Ees) and effective arte-
rial afterload (Ea) were derived from simultaneously 
acquired echocardiographic volumes and catheterization-
derived pressures in patients; while in controls, non-inva-
sive cuff pressure measurements were used.

Ea constitutes a “lumped index” of LV afterload in the 
time-domain and was calculated as Ea = LVESP/SVDoppler . 
For the study’s purposes, the calculation of Ea was per-
formed based on the estimated LVESP values, as derived 
from the equation LVESP = 0.9× Ps fem, as this accurately 
approximates LVESP in pressure–volume loop measure-
ments, and has widely been used to estimate ventriculo-
arterial coupling (Kelly et al. 1992). More specifically, in 
MS patients, Ea was calculated invasively (Ea INV) using the 
Ps recorded from the femoral artery. In addition, non-inva-
sive estimated Ea (Ea NI) was calculated using the regres-
sion equation derived from the validation group for the 
measurement to be corresponding to the Ea NI assessment 
in controls.

Ees was calculated as Ees(sb) = [Pd − (ENd(est)×

LVESP)]/[SVDoppler × ENd(est)] where ENd(est) represents 
group-averaged normalized Ees values obtained as a func-
tion of EF and the ratio between diastolic (Pd) and systolic 
(Ps) arterial pressure as described by the equation:

ENd(est) = 0.0275− 0.165× EF+ 0.3656× (Pd/Ps)+

 0.515 × ENd(avg) . In this equation, ENd(avg) is given by a 
seven-term polynomial function:

where summation is performed for i = 0–7, using values 
for ai of [0.35695; −7.2266; 74.249; −307.39; 684.54; 
−856.92; 571.95; and −159.1], respectively. tNd was 
calculated as the ratio of the pre-ejection period and 
the total systolic period, with time intervals determined 
from Doppler measurements. The ratio of the arterial 
elastance (Ea) to the ventricular elastance (Ees) describ-
ing the AV coupling, as proposed by Suga (1969), was 
calculated to evaluate the mechanical efficiency of the 
cardiovascular system and the interaction between car-
diac performance and vascular function. LV stiffness, 
defined as the instantaneous relationship between LV 
end-diastolic pressure and volume, was estimated as: 
LVEDP/LVEDV.

Validation study

Ees and Ea values were based on invasively measured pres-
sures in MS patients, while in controls on sphygmomano-
metric measurements. To document the relationship 
between the two approaches, we performed a validation 

ENd(avg) =
∑

i=0

ai × tiNd
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study on 14 PTMC candidates with simultaneous sphyg-
momanometric and invasive pressure measurements. Based 
on those results, a regression equation was created, and 
estimated non-invasive Ees and Ea values for the whole 
study patient cohort were calculated.

Statistical analysis

SPSS version 16.0 for Windows (SPSS Inc., Chicago, 
Ill. USA) was used. Continuous variables are expressed 
as mean ± SD and categorical variables in absolute val-
ues and percentage. The Shapiro–Wilk test was used to 
check normality. Continuous variables were compared 
using the paired Student t-test or the Wilcoxon test. Con-
trols were compared with study subjects using the Man-
Whitney test. For multiple comparisons between controls, 
Ipc-PH and Cpc-PH groups, we employed the non-para-
metric Kruskal–Wallis H, and proceeded with a one-way 
ANOVA using the Bonferroni correction. Correlations 
between variables were tested by the Pearson 2-tailed 
correlation. All tests were performed at 95 % confidence 
intervals, and a p value of <0.05 was considered as statis-
tically significant.

Results

Study population and demographics

We enrolled 120 patients, of which 14 were excluded due 
to procedural complications. 94 subjects fulfilled the cri-
teria of post-capillary PH; 74 were classified as Ipc-PH 
and 20 as Cpc-PH based on the DPG. 58 % of the patients 
displayed NYHA Class II and 42 % NYHA Class III heart 
failure symptoms. No significant differences in age or 
gender were observed between Cpc-PH and Ipc-PH sub-
jects (p > 0.05). Cpc-PH subjects demonstrated higher 
heart rates as compared to the Ipc-PH group and controls 
(p < 0.05 for both comparisons), and lower EF as compared 
to controls (p < 0.05). No significant differences were 
observed in mitral stenosis severity as far as MAVA, mean 
gradient or LA volume was concerned. Demographic and 
clinical parameters are summarized in Table 1.

Right ventricular indices in PH subjects

Cpc-PH patients displayed higher right heart pressures 
and more pronounced impairment of RV function com-
pared to Ipc-PH. More specifically, these subjects dem-
onstrated larger RA area and RV diameter than controls 
(p < 0.01 and p < 0.001, respectively) and Ipc-PH (p < 0.01 
and p < 0.001, respectively). RV strain was significantly 
lower in Cpc-PH as compared to Ipc-PH (p < 0.016), while 
TAPSE did not significantly differ between the two PH 
groups (p > 0.05). In addition, TAPSE and RV strain were 
higher in controls compared to both Cpc-PH (p = 0.003 
and p < 0.001, respectively) and the Ipc-PH (p < 0.001 for 
both comparisons).

Left ventricular indices in PH subjects

As seen in Table 2, PH subjects demonstrated lower SVi 
than controls, with significantly lower values in Cpc-PH. 
Although the patient group showcased lower EF, contrac-
tility, represented by Ees, was significantly higher as com-
pared to controls. LV afterload, as described by Ea, was ele-
vated in PH subjects, with significantly higher values in the 
Cpc-PH cohort (Tables 2, 3; Fig. 1). LVEDP was slightly 
elevated in the PH cohort with increased LV diastolic stiff-
ness compared to controls. Measurements of LV diastolic 
stiffness were similar in the two PH groups. Both Ea/Ees 
ratio (r = 0.27, p < 005) and Ea (r = 0.30, p < 0.05) were 
found to be significantly associated with DPG employing 
linear regression analysis.  

Table 1  Demographics and MS characteristics

Ipc-PH isolated post-capillary pulmonary hypertension (PH), Cpc-
PH combined post- and pre-capillary PH, BSA body surface area, 
HR heart rate, EF ejection fraction, MS mitral stenosis, MAVA mitral 
valve area, MVG mean mitral valve pressure gradient, LA-ESVi left 
atrial end-systolic volume indexed to body surface area

* indicates significant difference (p < 0.05) compared to control, 
† indicates significant difference (p < 0.05) between patient groups, 
n indicates patient number

Controls 
(n = 40)

Ipc-PH (n) Cpc-PH (n)

Age (years) 31 ± 6 32 ± 9 (74) 31 ± 9 (20)

Female (%) 70 71 75

BSA (m2) 1.4 ± 0.2 (74) 1.4 ± 0.2 (20)

Medication

 Beta blockers 100 % 100 %

 Diuretics 100 % 100 %

HR (bpm) 76 ± 10 73 ± 13† (74) 82 ± 14* (20)

EF (%) 66 ± 6 60 ± 8* (74) 58 ± 11* (20)

MS severity

 MAVA (cm2) 0.90 ± 0.2 (74) 0.85 ± 0.2 (20)

 MVG (mmHg) 19.9 ± 8.4† (74) 24.5 ± 9.8 (20)

 Wilkins score 8.8 ± 0.8 (74) 8.8 ± 0.9 (20)

 LA-ESVi  
(mL/m2)

68 ± 20 (74) 66 ± 15 (20)
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Ventricular interaction in PH subjects

Multivariate regression analysis was performed to study the 
association between LV afterload, which is directly influ-
enced by SV, and degree of LV inflow obstruction and RV 

function. Importantly, this analysis revealed no associa-
tion between mitral valve area and Ea (p < 0.05). Instead, 
Ea correlated with the degree of PH and RV function 
(Ea = 4.61+ 0.2× PAPm − 0.13× TAPSE, r = 0.43, p < 0.001) ). 
SVR demonstrated similar associations 

Table 2  Echocardiographic and 
hemodynamic measurements in 
Ipc-PH and Cpc-PH, as defined 
by DPG

Ipc-PH isolated post-capillary pulmonary hypertension (PH), Cpc-PH combined post- and pre-capillary 
PH, EDVi LV end-diastolic volume index, ESVi LV end-systolic volume index, SVi stroke volume index, 
LV-LS LV longitudinal strain in the septal and lateral wall, respectively, V0 estimated LV volume at zero 
pressure, Ees INV invasively derived LV elastance, Ees NI non-invasively derived estimated LV elastance,  
Ea INV invasively derived arterial elastance, Ea NI non-invasively derived estimated arterial elastance, RA 
right atrium, RVIDb RV basal internal diameter, TAPSE tricuspid annular systolic excursion, RV-LSlat RV 
lateral wall longitudinal strain, PAWP pulmonary arterial wedge pressure, PAPs, PAPd, and PAPm pulmo-
nary artery systolic, diastolic, and mean pressure, respectively, RVEDP right ventricular end-diastolic pres-
sure, RAP right atrial pressure, PVR pulmonary vascular resistance, CI cardiac index, SBP and DBP sys-
tolic and diastolic systemic blood pressure, respectively, SVR systemic vascular resistance

† indicates significance at the level of p < 0.05 between patients and controls, * indicates significance at the 
level of p < 0.05 between Cpc-PH and Ipc-PH patients

Controls (n = 40) Ipc-PH (n) Cpc-PH (n)

Left ventricle

 EDVi (mL/m2) 57 [49–64] 57 [49–72]† (72) 49 [40–67]*† (19)

 ESVi (mL/m2) 18 [16–20] 23 [18–31] (72) 23 [18–27] (19)

 SVi Doppler (mL/m2) 45 [42–51] 35 [29–43]† (72) 30 [21–39]*† (19)

 LV-LSsept (%) 22 [20–24] 17.6 [15–20]† (69) 16 [13–18]† (19)

 LV-LSlat (%) 23 [22–26] 18.3 [16–21]† (69) 16.3 [14–18]†* (19)

 LV-LSglobal (%) 23 [22–25] 18 [16–20]† (69) 16 [14–18]*† (19)

 V0 (mL) −28 [−39 to −20] −1.8 [−6.8 to 5.9]† (69) −4.6 [−8 to 10]† (19)

 Ea INV (mm Hg/mL) – 2.6 [2.1–3.5]† (71) 3.3 [2.3–5.4]†* (19)

 Ea NI (mm Hg/mL) 1.5 [1.3–1.6] 2.3 [1.9–3.1]† (71) 2.9 [2.0–4.7]†* (19)

 Ees INV (mm Hg/mL) – 3.8 [2.9–5.1]† (67) 4.0 [2.7–6.1]† (19)

 Ees NI (mm Hg/mL) 2.3 [2.0–2.8] 3.3 [2.4–4.3]† (67) 3.6 [2.0–5.5]† (67)

 Ea/Ees INV – 0.74 [0.6–0.9]† (67) 0.90 [0.8–1.3]†* (19)

 Ea/Ees NI 0.63 [0.6–0.7] 0.73 [0.6–0.9]† (67) 0.88 [0.7–1.2]†* (19)

 LV stiffness (mmHg/mL/m2) 0.17 [0.14–0.19] 0.22 [0.16–0.28]† (71) 0.21 [0.17–0.30]† (19)

Right ventricle

 RA area (cm2) 9 [8–11] 12 [10–14] (68) 14 [11–16]† (19)

 RVIDb (mm) 28 [27–32] 34 [31–37]† (68) 37 [35–38]† (18)

 TAPSE (mm) 21.1 [20–23] 18.3 [16–21]† (69) 17.5 [13–18]† (17)

 RV-LSlat (%) 30 [28–32] 25 [23–29]† (68) 21 [18–25]†* (18)

Hemodynamics

 PAWP (mmHg) – 25 [23–31] (74) 31 [24–35]* (20)

 PAPs (mmHg) – 49 [42–61] (74) 95 [88–104]* (20)

 PAPd (mmHg) – 24 [18–30] (74) 44 [39–66]* (20)

 PAPm (mmHg) – 33 [29–43] (74) 61 [58–66]* (20)

 RVEDP (mmHg) – 7 [5–10] (73) 10 [8–15]* (20)

 RAP (mmHg) – 5 [3–8] (74) 7 [5–13]* (20)

 PVR (WU) – 2.3 [1.3–3.8] (74) 9.5 [7.0–14.7]* (20)

 DPG (mmHg) – −2 [−5 to 0] (74) 14 [10–18]* (20)

 CI (L/min/m2) – 2.4 [2.1–2.9] (74) 2.3 [1.9–2.5] (20)

 SBP (mmHg) – 137 [121–150] (73) 127 [110–153] (20)

 DBP (mmHg) – 74 [69–83] (73) 73 [64–87] (20)

 SVR (WU) – 26 [22–32] (73) 28 [22–35] (20)
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(SVR = 40.1+ 0.6× PAPm − 0.89× TAPSE, r = 0.34, p < 0.001) . 
Furthermore, the sole independent predictor of Ees was 
Ea, which accounted for 55 % of Ees variance (r = 0.63, 
p < 0.001). As revealed in Table 2, the Ea/Ees ratio was sig-
nificantly higher in the PH cohort as compared to the con-
trol group, with a more pronounced elevation in the Cpc-
PH than Ipc-PH subgroup (p < 0.001).

We proceeded to separately investigate the effect of AV 
and interventricular influence on LV myocardial mechanics 
in PH patients. Ea was identified as the single factor indepen-
dently associated with LV systolic deformation as expressed 
by global LV-strain (r = 0.47, p < 0.05). The differential 
effect of RV function and AV interaction on the septal and 
lateral LV wall mechanics was subsequently investigated. 
Interestingly, in a linear regression model, Ea and RV-LS cor-
related with LV-LSsept (r = 0.43, p < 0.001), whereas RV-LS 

Table 3  Hemodynamic 
measurements in Ipc-PH 
and Cpc-PH, before and 
immediately after PTMC

PTMC percutaneous transvenous mitral commissurotomy, Ipc-PH isolated post-capillary pulmonary hyper-
tension (PH), Cpc-PH combined post- and pre-capillary PH, HR heart rate, LAP left atrial pressure, PCWP 
pulmonary capillary wedge pressure, ∆LAP pre- vs post-PTMC left atrial pressure difference, PAPs, PAPd, 
and PAPm pulmonary artery systolic, diastolic, and mean pressure, respectively, RVEDP right ventricular 
end-diastolic pressure, RAP right atrial pressure, PVR pulmonary vascular resistance, RVSWi Right ventric-
ular stroke work index, CI cardiac index, LVEDP left ventricular end-diastolic pressure, LVESP left ventri-
cle end-systolic pressure, SVR systemic vascular resistance, Ees INV invasively derived LV elastance, Ea INV 
invasively derived arterial elastance

* indicates significance at the level of p < 0.001 between the Cpc-PH and the Ipc-PH before and after 
PTMC

Pre-PTMC Post-PTMC

Ipc-PH (74) Cpc-PH (20) Ipc-PH (74) Cpc-PH (20)

HR (bpm) 73 ± 13 82 ± 14* 68 ± 10 64 ± 12

LAP (mmHg) 26.9 ± 6 29.9 ± 6* 18.9 ± 5 18.4 ± 5

PCWP (mmHg) 25.5 ± 7 30.4 ± 7* 19.7 ± 5 19.0 ± 5

∆LAP (mmHg) 8 ± 6 112 ± 5* – –

PAPs (mmHg) 54 ± 16 92 ± 22* 47 ± 14 68 ± 16*

PAPd (mmHg) 25 ± 8 44 ± 7* 20 ± 7 30 ± 7*

PAPm (mmHg) 36 ± 10 60 ± 12* 31 ± 9 45 ± 10*

RVEDP (mmHg) 7 ± 3 11 ± 5* 8 ± 3 10 ± 4*

RAP (mmHg) 6 ± 3 8 ± 4* 6 ± 3 7 ± 3*

PVR (WU) 2.9 ± 2 10.6 ± 4* 2.7 ± 3 6.8 ± 5*

DPG (mmHg) −2.4 ± 4.3 14.1 ± 4.0* 0.5 ± 5.6 11.5 ± 7.4*

PA capacitance (mL/mmHg) 2 ± 1 0.5 ± 1.6* 1.7 ± 0.8 1.0 ± 0.6*

RVSWi (g*m/m2/beat) 15 ± 6 21 ± 9* 14 ± 5 17 ± 7*

CI (L/min/m2) 2.6 ± 0.7 2.3 ± 0.5* 3.2 ± 0.8 3.1 ± 1.1*

LVEDP (mmHg) 13 ± 4 12 ± 4 17 ± 4 17 ± 5

LVESP (mmHg) 137 ± 17 132 ± 17 133 ± 17 132 ± 18

SVR (WU) 27 ± 8 30 ± 12* 21 ± 6 24 ± 14*

Ea INV (mm Hg/mL) 2.9 ± 1 4.0 ± 2.1* 2.4 ± 0.8 3.4 ± 1.8

Ees INV (mm Hg/mL) 3.8 ± 1.5 4.2 ± 2.4 3.2 ± 1.3 3.5 ± 1.2

Fig. 1  Left ventricular end-systolic pressure–volume relationship 
(ESPVR) in Ipc-PH (red) vs Cpc-PH (blue) patients. Cpc-PH patients 
demonstrated significantly elevated end-systolic elastance (Ees) and 
arterial elastance (Ea) compared to Ipc-PH. Values shown here repre-
sent the mean for the two study groups



Eur J Appl Physiol 

1 3

did not significantly correlate with LV-LSlat (p > 0.05). How-
ever, Ea retained its prognostic ability and together with 
Ees were the only independent correlates of the LV-LSlat 
(r = 0.38, p < 0.001). PAPm correlated inversely with RV-LS 
(r = −0.36, p < 0.001) and LV-LSsept (r = −0.26, p = 0.009), 
whereas it was not significantly associated with LV-LSlat.

Reversibility of Cpc‑PH following PTMC

In 6 of the 20 patients with Cpc-PH, the pre-capillary com-
ponent was reversed (DPG < 7 mmHg) immediately fol-
lowing PTMC. Compared to the corresponding group with-
out significant reversibility, patients with DPG < 7-mm Hg 
after PTMC had less pronounced increase of LV contractil-
ity (Ees: 2.6 ± 1.6 vs 4.9 ± 2.3; p < 0.05) and demonstrated 
a tendency to lower systemic afterload (Ea: 4.4 ± 2.4 vs 
3.0 ± 0.8, p = 0. 055). There were no significant differ-
ences between the two groups in regard to pulmonary pres-
sures and TAPSE (p > 0.05).

Discussion

To our knowledge, this is the first large-scale prospec-
tive study investigating distinctive hemodynamic features 
of Cpc-PH and Ipc-PH in patients with severe MS. We 
demonstrate that (1), in conjunction with the markedly 
elevated RV afterload, patients with Cpc-PH show sig-
nificantly higher systemic arterial load than Ipc-PH; and 
(2) previously demonstrated impairment in LV mechanics 
is determined in major part by an increased arterial load 
and to a lesser degree by the direct effect of ventricular 
interdependence.

Hemodynamic alterations in Ipc‑PH vs Cpc‑PH

Roughly 20 % of the patients exhibited Cpc-PH, compa-
rable to the prevalence of Cpc-PH among patients with 
impaired LV function, and in keeping with the analogous 
histological pulmonary vascular alterations observed in 
MS- and LV dysfunction-derived PH (Delgado et al. 2005). 
There is conflicting evidence regarding potential hemody-
namic disparities between Cpc-PH and Ipc-PH. Our find-
ings contrast those of a recent retrospective study which 
did not demonstrate significant hemodynamic differences 
between the two PH sub-groups (Berger et al. 2012). Simi-
lar to the results of Miller and colleagues, Cpc-PH patients 
in our cohort exhibited more pronounced hemodynamic 
derangements than Ipc-PH. In Miller’s report, however, 
PAWP did not differ between the two PH groups, (Miller 
et al. 2013) which opposes our findings of significantly 
higher PAWP in Cpc-PH compared to Ipc-PH. Differences 
in patient profiles might explain this discrepancy. In the 

afore-mentioned study, age was an independent determi-
nant of Cpc-PH, indicating more longstanding LAP eleva-
tion, thus potentially more pronounced structural changes 
in the pulmonary capillaries (Miller et al. 2013). Our 
patients were younger and age failed to exert any discrimi-
native effect on the PH subtypes, which advocates for more 
reactive pre-capillary responses to LAP elevation rather 
than structural alterations. Hence, it could be argued that 
at early stages of PH, LAP contributes to the degree of pre-
capillary vasoreactivity, while later, the structural vascular 
changes being more fixed, LAP elevations have a less pro-
nounced effect on PVR.

Importantly, we demonstrate that Cpc-PH in MS sub-
jects is characterized by increased resistance not only 
in the pulmonary, but also in the systemic circulation as 
indicated by elevated Ea and SVR as compared to Ipc-PH 
and controls. In addition, the inherent LV contractility, 
as described by Ees, was elevated in PH patients. Esti-
mated AV coupling, described by the ratio of the arterial 
elastance (Ea) to the ventricular elastance (Ees), is known 
to be a reliable measure of mechanical efficiency of the 
cardiovascular system (Suga 1969; Sunagawa et al. 1983). 
The significant elevation of Ea/Ees in the PH cohort with 
higher values in the Cpc-PH group suggests an associa-
tion between PH status and a state of arterial-ventricular 
uncoupling. Aberrant interaction between the left ventri-
cle and vascular system demonstrates a relationship with 
more pronounced changes in the pulmonary vascular tree. 
Moreover, we show that the Ea/Ees demonstrates a weak, 
albeit a significant association with measurements of the 
pulmonary arterial changes as expressed by DPG, and 
this association was driven by Ea. Previous experimen-
tal studies have demonstrated reflex-mediated systemic 
vasoconstriction in response to pressure elevation sensed 
by the pulmonary baroreceptors (McMahon et al. 2000; 
Moore et al. 2004). Furthermore, LV under-filling due to 
MS implies a relative deactivation of aortic baroreceptors, 
resulting in elevated efferent sympathetic stimulation. 
Although the current study was not designed to investi-
gate the neurohumoral discrepancies between Ipc-PH and 
Cpc-PH, altered baroreceptor reflex activity might also 
contribute to the increased resistance in the pulmonary 
circulation, in addition to the increased systemic after-
load (Aviado et al. 1967). Similar to our results, Miller 
et al. demonstrated higher SVR in Cpc-PH patients with 
PH due to left heart disease (LHD) (Miller et al. 2013). 
Evidently, the effects of severe MS on the pulmonary and 
the systemic hemodynamics differ in many ways from the 
other types of left heart dysfunction. In addition, patients 
with primary diastolic LV impairment are generally older 
with multiple comorbidities significantly influencing the 
vascular elasticity. Although the afore-mentioned dispari-
ties between patient cohorts must be acknowledged, the 
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finding of increased systemic load in the state of Cpc-PH 
is intriguing and warrants further studies to investigate 
potential differences in adrenergic activity between the 
two sub-groups of PH due to LHD (Chatterjee and Lewis 
2011; Miller et al. 2013).

Determinants of LV mechanics in MS‑derived PH

Evidence regarding the influence of PH on LV function 
is conflicting (Hardegree et al. 2013; Puwanant et al. 
2010). Elevated PAP has been shown to affect LV geom-
etry, resulting in reduced myocardial deformation of the 
septal (Huez et al. 2007; Puwanant et al. 2010), but not 
the lateral LV wall (Puwanant et al. 2010). Conversely, 
other investigators demonstrated reduced LV-LSlat in PH 
patients, the degree of which entailed a significant prog-
nostic value on mortality (Hardegree et al. 2013). We 
found a significant association between LV contractility 
and RV function (RV-LS) that indicates an interaction 
between the two ventricles during systole (Belenkie et al. 
1995). In our cohort, myocardial strain reduction was not 
restricted to the septal, but was also evident in the lat-
eral LV wall. More importantly, the LV-LS reduction was 
mainly ascribed to elevated LV afterload; whereas in line 
with the findings of Punawant and colleagues (2010), the 
impact of RV afterload on the LV function was confined 
to the septum.

As myocardial strain might be influenced by loading 
conditions, (Burns et al. 2010), we chose to evaluate LV 
function using the end-systolic pressure–volume relation-
ship, a method relatively robust to load changes. Interest-
ingly, despite a lower LV-LS and EF, the inherent LV con-
tractility was elevated in PH patients compared to controls.

A plausible physiological explanation for the elevated 
systemic arterial load and increased inotropic state in our 
patient cohort might lie in hampered baroreceptor activity 
due to SV reduction (Ferguson et al. 1990) in PH patients 
(Fig. 2). Further studies involving direct measurement of 
sympathetic activity are needed to confirm this hypothesis, 
both in this patient population, as well in patients with PH 
due to the other causes of left heart disease.

Limitations

Ees was measured using the non-invasive single-beat 
approach. However, this method has been well validated 
against conductance catheters; (Chen et al. 2001) in addi-
tion, Ees in our control group was similar to the reported 
reference values, which confirms the method’s validity 
(Chen et al. 1998). Ees and Ea in patients were calculated 
using invasive pressure measurement, while in controls 
non-invasive pressure measurement. This discrepancy was 

addressed by the validation study (supplementary Table 3) 
(Venkateshvaran et al. 2015).

Importantly, the hemodynamics in MS, as well as the 
patient profile of the present study differ from the other 
forms of PH due to LHD; thus, the current findings can-
not directly be generalized. However, we believe that 
the investigated cohort provides a good model due to the 
homogeneous pathophysiological basis of PH and the lack 
of comorbidities.

Direct measurement of sympathetic activity employing 
techniques, such as microneurography or noradrenaline 
radiotracer methods, was not performed. Therefore, the 
proposed role of neuro-hormonal factors remains specula-
tive and needs to be further investigated.
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ABSTRACT 

Background. The diastolic pressure gradient (DPG) has recently been introduced as specific marker 

of combined pre-capillary pulmonary hypertension (Cpc-PH) in left heart disease (LHD). However, its 

diagnostic and prognostic superiority compared to traditional haemodynamic indices has been lately 

challenged. Current recommendations explicitly denote that in the normal heart, DPG values are 

greater than zero, with DPG ≥ 7 mmHg indicating Cpc-PH. However, clinicians are perplexed by the 

frequent observation of DPG < 0 mmHg (DPGNEG), as its physiologic explanation and clinical impact 

is unclear up-to-date.  

Aims. We hypothesized that large V-waves in the pulmonary artery wedge (PAWP) curve yielding 

asymmetric pressure transmission might stand for DPGNEG and undertook this study to clarify the 

physiological and prognostic implications of DPGNEG. 

Methods and results. Right heart catheterization and echocardiography was performed in 316 

patients with LHD due to primary myocardial dysfunction or valvular disease. 256 patients had PH-

LHD of whom 48% demonstrated DPGNEG. The V-wave amplitude inversely correlated with DPG 

(r=-0.45, p<0.001) in patients with low pulmonary vascular resistance, but not in those with elevated 

PVR (p>0.05). Patients with large V-waves had negative and lower DPG than those without 

augmented V-wave (p<0.001) despite similar PVR (p>0.05). Positive, but normal DPG (0-6 mmHg) 

carried a worse 2-year prognosis for death and/or heart transplantation than DPGNEG (HR: 2.97; 

p<0.05).  

Conclusion. Our results advocate against DPGNEG constituting a measurement error. We propose that 

DPGNEG can partially be ascribed to large V-waves and carries a better prognosis than DPG within the 

normal positive range.  
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INTRODUCTION 

 

Pulmonary hypertension (PH) is a common complication of left heart disease (LHD). In isolated post-

capillary PH the pulmonary arterial pressure (PAP) elevation is governed solely by the upstream-

transmitted left atrial pressure (LAP). Long-standing post-capillary PH may however lead to 

pathological alterations of the pre-capillary vasculature, contributing to further PAP increase, a state 

denoted as combined post- and pre-capillary PH (Cpc-PH). Although this latter condition is clearly 

associated with worse prognosis 
1,2

, the optimal method to haemodynamically distinguish these two 

cohorts remains controversial.  

Traditionally, pulmonary vascular resistance (PVR) and transpulmonary gradient (TPG) have been 

employed for discerning Cpc-PH, both metrics bearing an established prognostic value in PH due to 

LHD (PH-LHD) 
3,4

. However, as both these markers are influenced by the LAP and stroke volume 
5
, 

their specificity has been questioned. In recent times, the diastolic pulmonary gradient (DPG), 

considered less affected by heart failure (HF) induced haemodynamic changes 
5
, has been introduced 

as a more reliable Cpc-PH index. Based on the above rationale and study results demonstrating 

prognostic superiority of the DPG 
6,7

, the Fifth World Symposium on PH proposed that a DPG ≥ 7 

mmHg alone should define Cpc-PH 
5
. However, the failure of two recent large-scale studies to 

confirm the prognostic value of DPG 
8,9

 raised concerns regarding its use in PH-LHD 
8,10

. Despite the 

significant prevalence of negative DPG values (DPGNEG), reportedly varying between 10- 50% 
8,11

, the 

physiological background and the potential prognostic implications of DPGNEG have yet not been 

investigated; rather, DPGNEG has arbitrarily been considered to represent measurement error 
12

. We 

hypothesized that prominent V-waves in the pulmonary artery wedge pressure (PAWP) recordings 

might stand for the DPGNEG by causing “asymmetrical” pressure transmission through the pulmonary 

capillaries i.e. a backward LAP wave reflection characterized by disproportionate phasic pressure 

changes. We therefore undertook the present study in order to 1, investigate the impact of V-waves on 

the DPG and particularly on the DPGNEG occurrence 2, elucidate the influence of PAWP as compared 
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to direct LAP measurements on the DPG and 3, assess the prognostic significance of DPGNEG 

compared to positive but normal DPG.  

 

METHODS 

Study population. The study population consisted of 316 patients in total. 192 patients were enrolled 

prospectively (86 consecutive patients with PH due to HF (denoted as PH-LHD in the following) 

referred for right heart catheterization (RHC) for HF assessment between January and December 2014 

were enrolled prospectively at Karolinska University Hospital, while 106 consecutive patients with 

severe rheumatic mitral valve stenosis (denoted as MS in the following) referred for percutaneous 

transvenous mitral commissurotomy (PTMC) between January and June 2012 were enrolled again 

prospectively at the Sri Sathya Sai Institute, Bangalore, India). In addition, 124 consecutive patients 

with PH-LHD referred for RHC at the Karolinska University Hospital were studied retrospectively. In 

all PH-LHD cases medical treatment had been titrated and haemodynamic stabilization achieved at the 

time of examination. None of the patients included in the study presented with acute coronary 

syndrome or had undergone cardiac surgery within 1 year before enrolment. In case of the MS cohort, 

subjects with > 1 grade mitral regurgitation, aortic valve disease, ischemic heart disease, atrial 

fibrillation (AF) or hypertension were not included in the study. In the PH-LHD cohort no specific 

exclusion criteria were applied, apart from patients with pressure tracings of inadequate quality (i.e. 

that would not have allowed reliable and reproducible identification of waveforms) were not included. 

A flowchart describing patient enrolment and haemodynamic grouping is provided in Figure S1. 

Follow-up data were collected form the Karolinska University Hospital database that is updated 

centrally; patients were followed until death, cardiac transplantation or the end of study period (mean 

time: 15.6 months). The prognostic value of DPGNEG vs. positive but normal DPG was assessed. The 

study was approved by the local ethics committee (registration number 2013/1991-32). All 

prospectively enrolled subjects provided written informed consent. All subjects underwent 

transthoracic echocardiography and RHC. 
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Catheterization. RHC was performed using a 6 F balloon-tipped fluid-filled Swan-Ganz catheter 

(Edwards Lifesciences, Irvine, California, USA) through the jugular or femoral vein access. Mean 

right atrial pressure (RAPM), diastolic (PAPD) and mean pulmonary artery pressure (PAPM), mean 

pulmonary artery wedge pressure (PAWPM) and right ventricular systolic pressure (RVSP) was 

recorded under fluoroscopy after calibration with the zero level set at the mid-thoracic line. All 

pressure tracings were stored in a connected haemodynamic recorder and analysed off-line with 

commercially available software (Xper Information Management, Philips Medical Systems, The 

Netherlands). Importantly, in order to ensure the uniformity of data acquisition and the standardization 

of the study the same investigator (AM) participated in RHC for all MS and the majority of PH-LHD 

patients and performed the analysis of all waveforms at both sites. From the PAWP recordings, the 

peak V- and A-wave and the PAWPM were obtained. All pressure measurements were averaged from 

a minimum of 5 heart cycles at end-expiration. Cardiac output (CO) was measured using Fick’s 

principle. The oxygen consumption was measured breath-by breath by dedicated gas analysis system. 

In 15 cases thermodilution was employed.  

PVR, TPG and DPG were calculated as: PVR= (PAPM-PAWPM)/CO; TPG=PAPM-PAWPM and 

DPG=PAPD-PAWPM, respectively. The difference between TPG and DPG (ΔPG), which equals 

PAPM-PAPD, was analysed in order to investigate diagnostic discrepancies by the two measures. Right 

ventricular stroke work index was calculated as RVSWi= (PAPM-RAPM)/SVi * 0.0136, where SVi 

denotes stroke volume index measured as: CO/HR/BSA. In MS patients measurements were 

performed prior PTMC. For full details of methods, please see the Supplementary material online. 

Simultaneous LAP and PAWP assessment: In 51 MS patients, simultaneous, beat-to-beat, LAP and 

PAWP tracings were obtained concurrently to right heart catheterization. Interatrial septal puncture 

was performed with an 8F Mullins’ sheath, dilator and a Brockenbrough needle. The LAP was 

measured directly through the Mullins' sheath used during valvuloplasty. Both transducers were 

zeroed after careful calibration, pressures were recorded during a 10 seconds period and stored for off-

line analysis.  
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Statistical analysis. The IBM SPSS statistics version 23.0 was used. Normality was tested by the 

Kolmogorov - Smirnov test. Continuous variables were expressed as mean ± SD or median and 

interquartile range. Categorical variables were expressed as absolute values and percentage. 

Comparisons of groups were performed with Mann-Whitney rank-sum test. Correlations were tested 

by the Pearson’s 2-tailed test. All tests were performed at 95% confidence intervals. A p-value of < 

0.05 was considered statistically significant. Receiver operator characteristics (ROC) was performed. 

Survival was analysed in the retrospectively studied 124 PH-LHD patients with Kaplan and Meier 

non-parametric test and compared using a log-rank test. Univariate and multiple Cox proportional 

hazards regression models were used to examine the effects of the DPG on patients’ survival. Age, 

creatinine- and sex-adjusted survival curve estimates of the DPG were derived from stratified Cox 

models.  

 

RESULTS 

Study Population. Of the 316 patients enrolled, 269 (84.5%) demonstrated PH (PAPM≥ 25 mmHg). 

Of these, 256 (95%, MS: 37%) had PH-LHD (PAPM≥ 25 and PAWPM>15mmHg). Demographics are 

presented in Table 1. Due to the different underlying pathology, the MS and PH-LHD groups were 

analysed separately. MS patients had higher PAPM, A- and V-waves and RVSWi compared to PH-

LHD group. However, DPG did not differ between the two groups (Table 2).  

V-wave influence on DPG. To evaluate the effect of the V-waves on the DPG we sub-grouped the 

cohort based on the presence of large V-waves, defined as the V-wave exceeding the PAWPM by the 

arbitrary limit of > 10 mmHg as previous investigators have performed 
13

. In the 69 cases (45%) with 

large V-waves (43 MS and 26 PH-LHD patients), the DPG was on average negative and lower (p< 

0.05) compared to those with smaller V-waves, despite similar levels of TPG, PVR, PAP and cardiac 

index (p> 0.05, for all comparisons, Table 3, Figure S2). 
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A significant inverse correlation between the V-wave and DPG was evident in patients with PVR <3 

WU (r= -0.45, p< 0.001), both in MS (r: - 0.34, p=0.03) and the PH-LHD group (r= - 0.46, p< 0.001). 

A weaker, yet statistically significant correlation (r=0.36; p=0.01) between the V-wave and DPG was 

found in patients with PVR 3-7 WU. However, this relation disappeared at higher PVR values (p> 

0.05; Figure 1A). Conversely, no association between the V-wave and TPG was observed (p> 0.05; 

Figure 1B). The modest overall correlation between the V-wave and DPG might be ascribed to the 

divergent association of the V-waves with PAPD at higher PAPM and PVR (Figure 1D), whereas the 

association between V-waves and PAWPM was essentially unaltered throughout the examined PAPM 

and PVR range (Figure 1C). 

Importantly, in patients with PVR< 3 WU, the V-wave showed the strongest correlation with the ΔPG 

(r=0.45, p< 0.001 for the whole cohort, r=0.36, p=0.005 for PH- LHD; r=0.6, p=0.003 for MS group, 

Figure 1E), with a weaker yet significant association of both the absolute and relative V-wave value 

with ΔPG (r= 0.26 and r=0.19, respectively; p< 0.05). Conversely, neither the A-wave nor the cardiac 

output correlated with ΔPG (p> 0.05, in all cases). 

The puzzling finding of normal DPG with concomitantly elevated TPG (>12 mmHg) is not unusual. 

Indeed, in our study 59 patients (23%, MS: 29%) TPG and DPG demonstrated incongruent 

diagnostics (TPG> 12, DPG< 7 mmHg). Furthermore, DPGNEG with concomitantly elevated TPG 

(>12 mmHg) occasionally occur. In our study we decided to quantify this discrepancy by calculating 

ΔPG (ΔPG=TPG-DPG). The ΔPG value that leads to discrepant Cpc-PH diagnostics between TPG and 

DPGNEG is 12 mmHg. In order to examine whether the V-wave amplitude impacted on this 

discrepancy we employed ROC analysis in patients with PVR< 3 WU. The association between ΔPG 

and V-wave amplitude is presented in Figure 1E. At an optimal cut-off limit of 30.5 mmHg, V-wave 

yielded a sensitivity of 85% and specificity of 70% (AUC: 0.80, CI: 0.72 to 0.88; p< 0.001) for the 

identification of ΔPG>12 mmHg (Figure S3). For the whole cohort of patients with PVR < 7 WU, the 

corresponding figures were: AUC 0.73, p<0.003; CI 0.61-0.84 at an optimal cut-off limit of V-wave 

of 31.5 mmHg). 
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In an attempt to investigate potential non-invasive and clinical determinants of the V-wave amplitude, 

LA-ESVi, LVMi, internal LV dimensions as well as the available clinical variables were tested. None 

of the tested variables, however, was associated with the V-wave (p>0.05 in all cases).  

Negative DPG values. In total, 123 patients (48%) demonstrated DPGNEG (median -3 mmHg; 

interquartile range: -5 to -2mmHg) with higher prevalence in the MS- compared to the PH-LHD group 

(55% vs. 44%, p< 0.05). MS patients had significantly higher V-waves (p< 0.001, Table 2). When the 

whole study population was considered, patients with DPGNEG showed significantly larger V-waves, 

lower PAPM, RAPM, PVR and TPG values whereas the PAWPM and cardiac index levels were 

comparable to those with positive DPG (Table 4). 

Assuming that pre-capillary changes differ between positive DPG and DPGNEG patients, we compared 

the two groups within a predefined PVR range (3 – 7 WU) in order to ensure comparatively equivalent 

degree of pre-capillary alterations between the two groups. Patients with DPGNEG demonstrated higher 

V-waves in both the MS and PH-LHD group, a less prominent right heart dilatation along with better 

RV function (p< 0.001) as compared to the positive DPG cohort, despite similar PAPM (p> 0.05, Table 

4 and Table S1). Interestingly, the V-wave amplitude was similar in MS and PH-LHD patients in the 

DPGNEG group. 

 

Determinants of the DPG.   

1, LAP versus PAWP in DPG assessment. In the 51 MS patients with simultaneous PAWP and LAP 

recordings, the DPG was calculated from PAWP (DPGPAWP) and LAP (DPGLAP) separately. DPGPAWP 

was negative in 28 cases while DPGLAP in 22 cases due slightly yet not significantly lower (mean bias: 

- 2 mmHg) LAP (24.1 ± 8.0 mmHg) as compared to PAWP (26.0 ± 8.1 mmHg; p> 0.05). However, in 

only 3 cases with negative DPGPAWP the corresponding DPGLAP was positive, while in 1 case 

reclassification occurred in the opposite direction.  
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2, Heart rhythm. When the analysis was confined to the 192 patients with heart rate < 85 beats/min, 

52 % demonstrated DPGNEG. Similarly, when only the 53 patients in AF were considered, DPGNEG 

was measured in 50%.  

3, Alternative PAWP measurements. As detailed in Supplementary Results, when the DPG was 

calculated using PAWP value measured at the z-point of the PAWP curve, instead of using PAWPM in 

patients with DPGNEG, this resulted in significantly higher DPG values. Still, the prevalence of 

DPGNEG was not significantly reduced.  

 

Prognostic value of DPG. Two-year outcome for the combined end-point of death or cardiac 

transplantation was significantly better for PH-LHD patients with DPGNEG as compared to those with 

positive but normal DPG (0≤ DPG< 7 mmHg) (Figure 2A). In the DPGNEG group (n=57) the combined 

end-point was documented in 16 cases (10 deaths and 6 transplantations), while in the 0 ≤ DPG< 7 

mmHg group (n= 53) the corresponding figures were 24 (14 deaths and 10 transplantations). Finally, 

in the DPG≥ 7 mmHg group (n = 17) 8 combined end-point events were recorded (5 deaths and 3 

transplantations). 

The occurrence of the combined end-point of death or transplantation was significantly higher for 0≤ 

DPG< 7 mmHg both in unadjusted analysis (p< 0.005) and when adjusted for age, creatinine and 

ischemic heart disease (Figure 2B). Conversely, neither TPG (cut-off 12 mmHg) nor PVR (cut-off 3 

WU) provided significant prognostic information (p= 0.522 and p= 0.718, respectively). Furthermore, 

combining DPG and TPG [DPGNEG and TPG≤ 12 mmHg vs. 0≤ DPG< 7 and TPG>12 mmHg] also 

failed to provide prognostic information (p=0.223).  

 

DISCUSSION 

In the present study, we (1) confirm the high prevalence of DPGNEG in PH-LHD patients, (2) 

demonstrate that DPGNEG does not always represent measurement error, but instead may be ascribed 
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to high V-wave amplitude in patients with relatively low resistance in the pulmonary vascular bed, 

and (3) show that DPGNEG is associated with lower mortality as compared to the corresponding group 

of positive yet not elevated DPG.  

In healthy subjects and in patients without significant pre-capillary alterations, PAPD is closely related 

to the LAP, with DPG values ranging between 0-5 mmHg 
5
. DPGNEG have so far been regarded as 

measurement bias, ascribed to over-wedging or inaccurate PAPD recordings 
5
. However, the high 

DPGNEG prevalence, ranging from 20% in critically ill patients 
11,14

 to 35% 
8
 and up to 50% 

15
 in PH-

LHD patients calls for a reappraisal of its pathophysiologic origin. DPGNEG was found in 44% of our 

PH-LHD cohort, most probably reflecting the higher proportion of PH (95%) compared to that (45%) 

in a recent study 
8
.  

V-wave influence on DPG. During systole, the second phase of LA filling occurs, yielding the most 

prominent positive deflection of the PAWP waveform designated as the V-wave. The volume and the 

rate of blood entering the LA as well as this chamber’s compliance determine the V-wave’s amplitude 

16,17
, which in healthy subjects averages at 12 mmHg, ranging between 4-19 mmHg, being at most 6 

mmHg higher than the LAPM 
18

. Importantly, the LA volume-pressure relation follows an exponential 

rather than a linear pattern, so that at lower LAP a certain volume entering the LA yields minor 

pressure elevation, whereas at higher LAP an equal inflowing volume results in a greater pressure  

rise 
13,16

. Conceivably, large V-waves arise not only in the presence of severe acute mitral 

regurgitation 
19

 but also in conditions such as MS 
20

 and longstanding LV dysfunction, when LA 

distensibility is impaired resulting in an upward shift of the LA volume-pressure curve. In our study, 

large V-waves were present in 20% of the PH-LHD group and in 46% of the MS cohort, similarly to 

the findings of Wang and colleagues 
20

. It should be emphasized that the augmented V-wave in these 

two cohorts represent distinct hemodynamic conditions; in MS it reflects increased LA stiffness due to 

obstructed mitral valve orifice, whereas in PH-LHD is mainly secondary to a rise in LV end-diastolic 

pressure. It has been shown that the distorted LAP waveform in the presence of large V-waves leads 

to overestimation of the LVEDP 
21

. Furthermore, there is evidence of retrograde superimposition of 

prominent V-waves on the PAP contour 
22

. Caro and colleagues demonstrated that at high LAP, the 
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ratio of pulmonary arterial to pulmonary venous compliance changes, promoting an asymmetrical 

backward transmission of the phasic LAP 
23

. Although, studies concomitantly reporting the V-wave 

amplitude and the PAPD are infrequent, the existing data on large V-waves in the context of increased 

LA stiffness reveal DPGNEG in essentially all cases 
17

. Importantly, we demonstrate that the inverse 

correlation between V-wave and DPG was confined to patients with relatively low PVR in accordance 

with the findings of Falicov and colleagues 
15

. Under physiological conditions, at end-diastole the 

pulmonary vascular bed allows pressure equilibration 
24

 which is otherwise hindered by the presence 

of vascular remodelling. Taken together, our results indicate that in PH-LHD the V-wave amplitude 

significantly influences the DPG calculation unless significant pre-capillary remodelling is present. 

However, with progressive maladaptive pre-capillary alterations the V-wave does not any more act as 

an important determinant of the DPG, which might be explained by increased stiffening of the 

pulmonary arteries and thus dampening of the backward LAP transmission. Previous investigations 

suggest that large V-waves inversely correlate to the ratio between the systolic and diastolic 

pulmonary inflow velocities 
25

. In accordance to previous investigators, LA-volume was not 

associated with the V-wave amplitude 
26

. As echocardiography plays a key role in the initial PH 

assessment in HF, further studies are warranted to address potential incremental value of this 

modality. 

Methodological considerations. The current findings argue against the notion that DPGNEG 

represents merely inaccurate measurement. Firstly, the PAWP and PAP waveforms were assessed 

manually at end-expiration by a single investigator, limiting the possibility of erroneous computerized 

PAPD measurements and preventing potential PAWPM underestimation due to pressure averaging 

throughout the respiratory cycle 
27

. Experimental studies have shown that heart rate (HR) impacts on 

DPG; at higher HR, DPG rises due to lower LVEDP and a concomitant PAPD  elevation 
28

. Our results 

reveal that even when confining the analysis to patients with normal HR or patients with AF, the 

incidence of DPGNEG was unaltered. Finally, our simultaneously performed PAWP and LAP 

measurements partly contradict the opinion that DPG would be a result of erroneous PAWP 

recordings. Direct LAP measurements yielded slightly higher DPG values as compared to PAWP. In 
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roughly 11% cases with negative DPGPAWP the corresponding DPGLAP was positive, while in 1 case 

reclassification occurred in the opposite direction (4.5%). This finding points to the fact, that due to its 

low absolute value, even a small measurement error will affect the DPG value, however, it also 

demonstrates, that measurement error stands only for a minority of DPGNEG cases. Taken together, 

although the slight discrepancy between LAP and PAWP might stand for a minor portion of the 

DPGNEG, our findings suggest that DPGNEG values can for the most part be ascribed to the augmented 

V waves. 

Prognostic significance. The prognostic impact of DPGNEG is as yet unknown. It has been suggested 

that patients with DPGNEG, instead of being a subclass of the isolated post-capillary PH (DPG<7 

mmHg) group, in fact represent a cohort with worse haemodynamics 
8
. Our findings contradict this 

hypothesis. We demonstrate that when comparing DPGNEG patients to those with 0≤ DPG< 7, within a 

predefined range of PVR (3-7 WU), the DPGNEG cohort is characterized by lower RAP, and higher 

TAPSE reflecting a state of less pronounced right heart loading and remodelling advocating for milder 

haemodynamic derangements in the DPGNEG group. This together with the lower event rate in the 

DPGNEG as compared to the DPG 0 – 7 mmHg cohort further supports the concept that DPGNEG in 

large part results from high V-waves shifting the DPG towards lower values, and suggests limited pre-

capillary changes.  

In our study, neither the PVR nor the TPG was associated with worse outcome. Furthermore, 

combining TPG and PVR with DPG failed to demonstrate significant prognostic value (p= 0.223 and 

p= 0.195, respectively). This observation stands in contrast to previous results and might be partly 

related to differences in patient profile. Indeed, as compared to the report by Tampakakis et al., the 

occurrence of ischemic heart disease was much higher in our study 
8
; additionally, our patient cohort 

comprised of older patients than that studied by Tampakakis et al. or Tedford et al. 
8,9

. Finally, the 

follow-up period was shorter in our study. The constellation of the aforementioned issues as well as 

the fact that our study comprised of fewer patients might stand for this discrepancy. 
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Limitations. Heterogeneity might be considered as comprising a limitation of the current study as 

catheterizations were performed in two different centres. However, all studies in India were performed 

in the presence of AM who was responsible for the standardization of the studies in the two centres; 

additionally the same technical equipment and catheters were used at both sites. Patient characteristics 

as well as haemodynamics of the two studied cohorts are also rather divergent, as demonstrated in 

Table 1 (e.g. patients with AF, hypertension or ischemic heart disease were excluded from the MS but 

not PH-LHD group), however as the objective of the present study was not to assess the influence of 

AF or other comorbidities on the DPG, but rather the effect of the V-wave amplitude on the DPG 

measurement, we believe that despite the patients’ heterogeneity, the hemodynamic essence of our 

hypothesis is still addressed. Our cohort comprised of patients with PH-LHD (including both 

preserved and reduced EF) and MS, in which respect it is different from previous comparable studies. 

Indeed, pre-capillary involvement as defined by DPG ≥ 7 mmHg was more frequent in MS patients 

(20.2%). However, the prevalence of Cpc-PH in the PH-LHD group was 13.6% that is comparable to 

previous studies (8-16%) 
6,8,9

. Finally, the current study was performed on hemodynamically stable 

patients implying that our findings might not be valid in a state of decompensated acute HF.  

 

CONCLUSION 

The present study verifies the recently observed high frequency of DPGNEG. We propose an applicable 

physiologic explanation for this haemodynamic finding demonstrating a significant inverse 

association of the V-wave amplitude in the PAWP waveform with the DPG in patients with low PVR. 

Using direct LAP measurements we show that the occurrence of DPGNEG is clearly not reflecting 

methodological inaccuracies; rather it largely represents the augmented disproportionate phasic LAP 

transmission. Finally, DPGNEG in patients with PH-LHD appears to be associated with milder 

haemodynamic derangements and better two-year prognosis compared to patients with DPG within 

the normal positive range.  

Additional Supporting Information may be found in the online version of this article.



   

   14 

 

 

REFERENCES  

1. Guazzi M, Borlaug BA. Pulmonary hypertension due to left heart disease. Circulation 

2012;126:975-990. 

2. Mehra MR, Jessup M, Gronda E, Costanzo MR. Rationale and process: International 

Society for Heart and Lung Transplantation guidelines for the care of cardiac transplant 

candidates--2006. J Heart Lung Transplant 2006;25:1001-1002. 

3. Khush KK, Tasissa G, Butler J, McGlothlin D, De Marco T, Investigators E. Effect of 

pulmonary hypertension on clinical outcomes in advanced heart failure: analysis of the 

Evaluation Study of Congestive Heart Failure and Pulmonary Artery Catheterization 

Effectiveness (ESCAPE) database. Am Heart J 2009;157:1026-1034. 

4. Miller WL, Grill DE, Borlaug BA. Clinical features, hemodynamics, and outcomes of 

pulmonary hypertension due to chronic heart failure with reduced ejection fraction: 

pulmonary hypertension and heart failure. JACC Heart Fail 2013;1:290-299. 

5. Naeije R, Vachiery JL, Yerly P, Vanderpool R. The transpulmonary pressure gradient for 

the diagnosis of pulmonary vascular disease. Eur Respir J 2013;41:217-223. 

6. Gerges C, Gerges M, Lang MB, Zhang Y, Jakowitsch J, Probst P, Maurer G, Lang IM. 

Diastolic pulmonary vascular pressure gradient: a predictor of prognosis in "out-of-

proportion" pulmonary hypertension. Chest 2013;143:758-766. 

7. Sibbald WJ, Paterson NA, Holliday RL, Anderson RA, Lobb TR, Duff JH. Pulmonary 

hypertension in sepsis: measurement by the pulmonary arterial diastolic-pulmonary wedge 

pressure gradient and the influence of passive and active factors. Chest 1978;73:583-591. 

8. Tampakakis E, Leary PJ, Selby VN, De Marco T, Cappola TP, Felker GM, Russell SD, 

Kasper EK, Tedford RJ. The diastolic pulmonary gradient does not predict survival in 

patients with pulmonary hypertension due to left heart disease. JACC Heart Fail 2015;3:9-16. 

9. Tedford RJ, Beaty CA, Mathai SC, Kolb TM, Damico R, Hassoun PM, Leary PJ, Kass DA, 

Shah AS. Prognostic value of the pre-transplant diastolic pulmonary artery pressure-to-

pulmonary capillary wedge pressure gradient in cardiac transplant recipients with pulmonary 

hypertension. J Heart Lung Transplant 2014;33:289-297. 

10. Gerges C, Gerges M, Lang IM. Characterization of pulmonary hypertension in heart 

failure using the diastolic pressure gradient: the conundrum of high and low diastolic 

pulmonary gradient. JACC Heart Fail 2015;3:424-425. 

11. Wilson RF, Beckman SB, Tyburski JG, Scholten DJ. Pulmonary artery diastolic and 

wedge pressure relationships in critically ill and injured patients. Arch Surg 1988;123:933-

936. 

12. Chatterjee NA, Lewis GD. Characterization of pulmonary hypertension in heart failure 

using the diastolic pressure gradient: limitations of a solitary measurement. JACC Heart Fail 

2015;3:17-21. 

13. Pichard AD, Kay R, Smith H, Rentrop P, Holt J, Gorlin R. Large V waves in the 

pulmonary wedge pressure tracing in the absence of mitral regurgitation. Am J Cardiol 

1982;50:1044-1050. 

14. Heinonen J, Salmenpera M, Takkunen O. Increased pulmonary artery diastolic-pulmonary 

wedge pressure gradient after cardiopulmonary bypass. Can Anaesth Soc J 1985;32:165-170. 

15. Falicov RE, Resnekov L. Relationship of the pulmonary artery end-diastolic pressure to 

the left ventricular end-diastolic and mean filling pressures in patients with and without left 

ventricular dysfunction. Circulation 1970;42:65-73. 



   

   15 

 

16. Morrow AG, Braunwald E, Haller JA, Jr., Sharp EH. Left heart catheterization by the 

transbronchial route: technic and applications in physiologic and diagnostic investigations. 

Circulation 1957;16:1033-1039. 

17. Mehta S, Charbonneau F, Fitchett DH, Marpole DG, Patton R, Sniderman AD. The 

clinical consequences of a stiff left atrium. Am Heart J 1991;122:1184-1191. 

18. Braunwald E, Brockenbrough EC, Frahm CJ, Ross J, Jr. Left atrial and left ventricular 

pressures in subjects without cardiovascular disease: observations in eighteen patients studied 

by transseptal left heart catheterization. Circulation 1961;24:267-269. 

19. Baxley WA, Kennedy JW, Feild B, Dodge HT. Hemodynamics in ruptured chordae 

tendineae and chronic rheumatic mitral regurgitation. Circulation 1973;48:1288-1294. 

20. Wang A, Harrison JK, Pieper KS, Kisslo KB, Bashore TM. What does the left atrial v 

wave signify during balloon commissurotomy of mitral stenosis? Am J Cardiol 

1998;82:1388-1393. 

21. Haskell RJ, French WJ. Accuracy of left atrial and pulmonary artery wedge pressure in 

pure mitral regurgitation in predicting left ventricular end-diastolic pressure. Am J Cardiol 

1988;61:136-141. 

22. Levinson DC, Wilburne M, Meehan JP, Jr., Shubin H. Evidence for retrograde 

transpulmonary propagation of the V (or regurgitant) wave in mitral insufficiency. Am J 

Cardiol 1958;2:159-169. 

23. Caro CG, Bergel DH, Seed WA. Forward and backward transmission of pressure waves 

in the pulmonary vascular bed of the dog. Circ Res 1967;20:185-193. 

24. Kaltman AJ, Herbert WH, Conroy RJ, Kossmann CE. The gradient in pressure across the 

pulmonary vascular bed during diastole. Circulation 1966;34:377-384. 

25. Klein AL, Stewart WJ, Bartlett J, Cohen GI, Kahan F, Pearce G, Husbands K, Bailey AS, 

Salcedo EE, Cosgrove DM. Effects of mitral regurgitation on pulmonary venous flow and left 

atrial pressure: an intraoperative transesophageal echocardiographic study. J Am Coll Cardiol 

1992;20:1345-1352. 

26. Pizzarello RA, Turnier J, Padmanabhan VT, Goldman MA, Tortolani AJ. Left atrial size, 

pressure, and V wave height in patients with isolated, severe, pure mitral regurgitation. Cathet 

Cardiovasc Diagn 1984;10:445-454. 

27. Ryan JJ, Rich JD, Thiruvoipati T, Swamy R, Kim GH, Rich S. Current practice for 

determining pulmonary capillary wedge pressure predisposes to serious errors in the 

classification of patients with pulmonary hypertension. Am Heart J 2012;163:589-594. 

28. Enson Y, Wood JA, Mantaras NB, Harvey RM. The influence of heart rate on pulmonary 

arterial-left ventricular pressure relationships at end-diastole. Circulation 1977;56:533-539. 



   

   16 

 

FIGURE LEGENDS 

 

Figure 1 A, correlation between the diastolic pulmonary pressure gradient (DPG) and the V-wave 

amplitude in patients with low (PVR< 3 WU) and high (PVR ≥ 3 WU) pulmonary vascular resistance. 

B, correlation between the transpulmonary pressure gradient (TPG) and the V-wave amplitude in 

patients with low (PVR< 3 WU) and high (PVR ≥ 3 WU) PVR. C, Correlation between the mean 

pulmonary artery wedge pressure (PAWPM) and the V-wave amplitude in patients with low (PVR< 3 

WU) and high (PVR ≥ 3 WU) PVR. D, Correlation between the diastolic pulmonary artery pressure 

(PAPD) and the V-wave amplitude in patients with low (PVR< 3 WU) and high (PVR ≥ 3 WU) PVR. 

E, Correlation between the V-wave amplitude and ΔPG in patients with MS and PH-LHD. 

 

Figure 2A, Kaplan Meier analysis for the three diastolic pulmonary pressure gradient (DPG) groups. 

Group I, DPG < 0 mmHg; Group II, 0 ≥ DPG < 7 mmHg; Group III, DPG ≥ 7 mmHg. B, Hazard ratio 

for death and/or transplantation for patients with positive normal DPG (0 ≤ DPG < 7 mmHg) and 

negative DPG. Due to few patients in Group III, only the statistical comparison between Group I and 

II is presented. DPG, diastolic pulmonary pressure gradient; CI, confidence interval; IHD, ischemic 

heart disease. 
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TABLES 

Table 1: Demographic and echocardiographic data of the study population. 

 
 All patients 

(256) 
MS 

(94) 
PH-LHD 

(162) P 

PH-LHD R 

 (124) 

 
      Demographics      

Age 50 ± 19 31 ± 9 61±15 <0.001 61±15 

Female (%) 51% 72% 39% <0.001 40% 

BSA (m
2
) 1.8 ± 0.3 1.4 ± 0.2 2.0 ± 0.2 <0.001 1.9± 0.2 

HT (%)  0% 85%  51% 

DM (%) 

 

 

 0% 60%  45% 

Aetiology of HF      

     IHD (n, %)  0% 36 (22%)  32 (26%) 

     Idiopathic HF   68 (42%)  48 (39%) 

     Myocarditis   21 (13%)  6 (5%) 

 Other   37 (23%)  38 (31) 

AF (n, %) 53 (21%) 0 53 (33%)  43 (35%) 

Functional class      

NYHA II - IIIa  60 (64%) 84 (52%) <0.001 70 (56%) 

NYHA IIIb  34 (36%) 49 (30%) <0.001 29 (23%) 

NYHA IV  - 29 (18%)  25 (20%) 

Medication       

Diuretics  100% 81%  78% 

ACEi   85%  81% 

Beta Blockers  100% 98%  93% 

CCA   25%  18% 

MRA   31%  34% 

Echo data      

EF ≤45% 

 

69 (27%) 5 (5%) 62 (38%) <0.001 55 (44%) 

LVEDD (mm)  44 ± 7 52 ± 13 <0.001 54 ± 14 

LVESD (mm)  29 ± 0.4 41 ± 15 <0.001 43 ± 16 

LVMi (gr/m2)  64 ± 18 105 ± 50 <0.001 114 ± 55 

LA-ESVi (mL/m2)  68 ± 19 50 ± 21 <0.001 58 ± 20 

MVA (cm2)  0.8 ± 0.2    

MVG (mmHg)  19 ± 9    

RVEDD (mm)  36 ± 5 40 ± 8 <0.001 41 ± 7 

TAPSE (mm)  18 ± 3 14 ± 5 <0.001 14 ± 4 

MR grade      

     Mild 163 (63%) 64 (68%) 99 (61%) <0.001 82 (66%) 

     Moderate 23 (9%) - 23 (14%)  14 (11%) 

     Severe 17 (6%) - 17 (10.5%)  11 (9%) 

AS grade      

     Moderate 3 (1%) - 3 (2%)  4 (3%) 

AR (grade)      

    Mild 32 (13%) - 32 (20%)  31 (25%) 

    Moderate 3 (1%) - 3 (2%)  6 (5%) 
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Data are expressed as expressed as mean ± SD. P values indicate the difference between the two 

prospective cohorts, i.e. MS and LHD. Abbreviations: SD, standard deviation; MS, mitral valve 

stenosis; PH-LHD, Pulmonary hypertension due to myocardial dysfunction; PH-LHD R, retrospective 

arm of the PH-LHD group; BSA, body surface area; HT, hypertension; DM, diabetes mellitus; IHD, 

ischemic heart disease; AF, atrial fibrillation; ACE-i, angiotensin converting enzyme inhibitors, β-

blockers, beta-blockers; CCA, calcium channel blockers; MRA, mineralocorticoid receptor antagonist, 

HR, heart rate; EF, ejection fraction; LVEDD, left ventricular end-diastolic diameter; LVESD, LV 

end-systolic diameter; LVMi, LV mass index; LA-ESVi, left atrial end-systolic volume index; MVA, 

mitral valve area; MVG, mitral valve mean diastolic gradient; RVEDD, right ventricular end-diastolic 

diameter; TAPSE, tricuspid annular positive systolic excursion; MR, mitral valve regurgitation; AS, 

aortic valve stenosis; AR, aortic valve regurgitation 

. 
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Table 2: Haemodynamics of the entire cohort. 

 All patients 

(256) 

MS 

(94) 

PH-LHD 

(162) 
p 

     
PAPM (mmHg) 35 (29 to 44) (256) 38 (30 to 50) (94) 34 (29 to 43) (162) 0.024 

PAPD (mmHg) 24 (20 to 31) (255) 27 (19 to 36) (94) 23 (20 to 29) (161) 0.026 

RVSP (mmHg) 24 (21 to 29) (256) 59 (47 to 83) (94) 40 (49 to 63) (162) <0.001 

PAWPM (mmHg) 24 (21 to 29) (256) 25 (23 to 32) (94) 23 (20 to 27) (162) 0.026 

A-wave (mmHg) 26 (22 to 32) (229) 31 (26 to 37) (91) 24 (21 to 28) (138) <0.001 

V-wave (mmHg) 31 (27 to 37) (235) 35 (31 to 44) (94) 28 (25 to 33) (141) <0.001 

CI (L/min/m2) 1.9 (1.6 to 2.4) (256) 1.7 (1.4 to 2.1) (94) 2 (1.7 to 2.5) (162) <0.001 

RAPM (mmHg) 10 (6 to 15) (255) 6 (3.8 to 8) (94) 12 (9 to 17) (161) <0.001 

RVSWi(g/m2/beat) 9 (6.6 to 13) (255) 10.4 (7.8 to 14.8) (94) 8.2 (6 to 12.2) (161) <0.001 

AV (mL/L) 54 (45 to 65) (241) 50 (42 to 57) (94) 57 (45 to 17) (147) <0.001 

DPG (mmHg) 0 (-3 to 4) (255) -1 (-4 to 5) (94) 0 (-3 to 3) (161) 0.327 

DPG < 7 -1 (-4 to 1) (83%) -2 (-5 to 0) (79%) -1 (-3 to 1) (85%)  

DPG ≥ 7 13 (9 to 15) (17%) 14 (10 to 18) (21%) 12 (9 to 14) (14%)  

TPG (mmHg) 10 (7 to 18) (256) 9 (6 to 21) (94) 11 (7 to 16) (162) 0.72 

TPG ≤ 12 8 (5.5 to 9) (61%) 7 (5 to 9) (62%) 8 (6 to 10) (61%)  

TPG > 12 20 (16 to 27) (39%) 25 (18 to 34) (38%) 19 (15 to 23) (39%)  

PVR (WU) 3 (1.8 to 5.2) (256) 4 (2.5 to 8.8) (94) 2.6 (1.7 to 4.5) (162) <0.001 

PVR < 3 1.8 (1.4 to 2.5) (51%) 1.9 (1.3 to 2.6) (36%) 1.8 (1. 3 to 2.4) (59%)  

PVR ≥ 3 5.3 (3.8 to 7.8) (49%) 7.1 (4.1 to 11.6) (64%) 4.8 (3.8 to 6.1) (41%)  

 

Abbreviations: MS, mitral stenosis; PH-LHD, pulmonary hypertension due to myocardial dysfunction; 

PAPM, PAPD , pulmonary artery mean and diastolic pressure, respectively; RVSP; Right ventricular systolic 

pressure; PAWPM, mean pulmonary artery wedge pressure; V- and A-wave, the maximal amplitude of the 

V- and A-wave of the PAWP waveform, respectively; CI, cardiac index; RAPM, mean right atrial pressure; 

RVSWi, right ventricular stroke work index; AV, arterio-venous difference of oxygen saturation; DPG, 

diastolic pulmonary pressure gradient; TPG, transpulmonary pressure gradient; PVR, pulmonary vascular 

resistance; WU, Wood Units. P value report the statistical difference between MS and LHD. Values are 

expressed in median and interquartile range. 
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Table 3. Haemodynamics stratified according to V-wave amplitude.

 

 

 

 

 

 

 

Small V-wave signifies a difference between maximal amplitude of the V-wave of the PAWP 

waveform (PAWPv) and the mean pulmonary artery wedge pressure (PAWPM) i.e.  

V-waveabs of < 10 mmHg. Large V-wave signifies a V-waveabs ≥ 10 mmHg. MS, mitral stenosis; 

PAPM and PAPD, pulmonary artery mean and diastolic pressure respectively; PAWPM, mean 

pulmonary artery wedge pressure; PVR, pulmonary vascular resistance; TPG, transpulmonary 

pressure gradient; DPG, diastolic pulmonary pressure gradient; CI, cardiac index; WU, Wood Units; 

Values are expressed in median and interquartile range. 

 Small V-waves 

n=166 (51 MS) 

Large V-waves 

n=69 (43 MS) 

p 

    PAPM (mmHg) 34 (29 to 44) 35 (30 to 45) 0.36 

PAPD (mmHg) 24 (20 to 30) 23 (19 to 32) 0.77 

PAWPM (mm Hg) 23 (20 to 27) 25 (22 to 31) 0.001 

V-wave (mmHg) 28 (25 to 32) 39 (34 to 46) < 0.001 

V-waveabs (mmHg) 5 (3 to 7) 13 (11 to 17) < 0.001 

PVR (WU) 2.9 (1.9 to 5.6) 3.1 (1.7 to 5.2) 0.73 

TPG (mmHg) 11 (7 to 19) 9 (7 to 15) 0.39 

DPG (mmHg) 0 (-2 to 5) -2 (-4 to 1) 0.002 

CI (L/min/m2) 1.9 (1.6 to 2.4) 1.8 (1.6 to 2.5) 0.26 
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Table 4. Comparison of negative and positive DPG groups within the entire study population 

and in patients with a predefined PVR range of 3 - 7 WU. 

 

 

All patients PVR 3 -7 WU 

DPG < 0 

 

DPG ≥ 0 

 

DPG < 0 

 

DPG ≥ 0 

 (n) (n) (n) (n) 

     
MS patients (n) 52 (42 %) 42 (32 %) 18 (64 %) 11 (19 %) 

PAPM (mmHg) 31 (28 to 37) (123) 41 (33 to 49) (132) 
(p<0.001) 

38 (30 to 43) (28) 40 (34 to 45) (57) 
(p=0.128) 

PAPD (mmHg) 20 (17 to 26) (123) 28 (23 to 35) (132) 

(p<0.001) 

23 (18 to 30) (28) 27 (24 to 31) (57) 

(p=0.013) 

V-wave (mmHg) 33 (28 to 39) (112) 29 (25 to 36) (123) 

(p<0.001) 

37 (32 to 42) (26) 28 (24 to 33) (52) 

(p<0.001) 

PAWPM (mmHg) 24 (21 to 29) (123) 24 (20 to 28) (132) 

(p=0.06) 

25 (21 to 32) (28) 24 (20 to 28) (57) 

(p=0.071) 

RVSP (mmHg) 49 (41 to 59) (123) 62 (47 to 78) (132) 

(p<0.001) 

51 (46 to 32) (28) 61(47 to 71) (56) 

(p=0.67) 

RAPM (mmHg) 9 (5 to 13.5) (123) 11 (7 to 15) (132) 
(p=0.004) 

7.5 (4 to 10) (28) 11 (7 to 15) (57) 
(p=0.005) 

PVR (WU) 2.2 (1.4 to 3.0) (123) 4.7 (2.6 to 7.6) (132) 
(p<0.001) 

4 (3.4 to 4.8) (28) 4.7 (3.7 to 5.6) (57) 
(p=0.09) 

DPG (mmHg) -3 (-5 to -2) (123) 3 (1 to 9) (132) 

(p<0.001) 

-2.5 (-4 to -1) (28) 3.0 (1 to 5) (57) 

(p<0.001) 

TPG (mmHg) 7 (5 to 9) (123) 16 (11 to 24) (132) 

(p<0.001) 

9 (8 to 14) (28) 15 (12 to 21) (57) 

(p<0.001) 

CI (L/min/m
2
) 1.9 (1.6 to 2.5) (123) 1.9 (1.6 to 2.3) (132) 

(p=0.392) 

1.7 (1.3 to 1.9) (28) 1.8 (1.6 to 2.2) (57) 

(p=0.034) 

RVSWi (gr/m2/beat) 8.2 (6.4 to 11) (123) 10.5 (6.8 to 15) 

(p=0.004) 

8.4 (6 to 12.6) (28) 10.3 (6.3 to 14) (57) 

(p=0.24) 

A-V (mL/L) 49 (42 to 59) (115) 58 (48 to 69 (126) 
(p<0.001) 

49 (41 to 63) (28) 62 (49 to 71) (53) 
(p=0.04) 

TAPSE (mm) 17 (12 to 19) (123) 15 (12 to 18) (132) 
(p=0.025) 

18 (15 to 21) (28) 14 (11 to 17) (57) 
(p=0.004) 

RA area (cm
2
) 18 (12 to 24) (123) 22 (15 to 27) (132) 

(p=0.002) 

12 (10 to 24) (28) 23 (18 to 29) (57) 

(p<0.001) 

RVEDD (mm) 36 (33 to 41) (123) 38 (34 to 46) (132) 

(p<0.003) 
34 (33 to 43) (28) 40 (36 to 48) (57) 

(p=0.005) 

 

MS, mitral stenosis; PAPM and PAPD pulmonary artery mean and diastolic pressure respectively; 

PAWPM and V-wave, mean pulmonary artery wedge pressure and the maximal amplitude of the V-

wave of the PAWP waveform, respectively; RVSP; right ventricular systolic pressure; RAPM, right 

atrial mean pressure; PVR, pulmonary vascular resistance; TPG, transpulmonary pressure gradient; 

DPG, pulmonary diastolic pressure gradient; CI, cardiac index; RVSWi, right ventricular stroke work 

index; A-V, arterio-venous difference in oxygen saturation; TAPSE, tricuspid annular plane systolic 
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excursion; RA, right atrium; RVEDD, right ventricular end-diastolic diameter; WU, Wood Units; 

Values are expressed in median and interquartile range. 
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Table S1. Comparison of negative and positive DPG groups in MS and LHD patients with a 

predefined PVR range of 3 - 7 WU. 

 PH-LHD  MS  

    
 DPG < 0 

(n=10) 

DPG ≥ 0 

(n=46) p 
DPG < 0 

(n=18) 
DPG ≥ 0 

(n=11) 
p 

PAPM (mmHg) 40.5 (31.3 to 45.5) 43 (34 to 45) 0.223 33.5 (29.8 to 43.5) 36 (33 to 38) † 0.152 

PAPD (mmHg) 21.5 (18.3 to 28.8) 27 (24 to 31) 0.03 22.5 (18.5 to 30.3) 26 (24 to 31) 0.112 

V-wave (mmHg) 37 (31.5 to 39.8) 27 (24 to 32) 0.002 37 (32 to 45) 33 (28 to 39) † 0.02 

A-wave (mmHg) 26 (16 to 28) 24 (21 to 28) 0.185 30.5 (26.5 to 37.5)† 28.5 (22 to 35) 0.123 

PAWPM (mmHg) 24 (21.3 to 31.3) 22 (19 to 29) 0.181 25 (21 to 32.5) 24 (23 to 30) 0.176 

PVR (WU) 3.9 (3.2 to 4.5) 4.8 (3.8 to 5.7) 0.04 4.1 (3.5 to 5.1) 4.2 (3.5 to 5.7) 0.154 

DPG (mmHg) -2.5 (-3 to -1) 3.0 (1 to 7) < 0.001 -2.0 (-4 to -1) 2 (0 to 3) † <0.001 

TPG (mmHg) 13.5 (9 to 17.8) 21 (18 to 27) 0.005 9 (7.8 to 11) † 11 (9 to 12) † 0.110 

 

PH-LHD, pulmonary hypertension due to myocardial dysfunction; MS, mitral stenosis; PAPM and 

PAPD pulmonary artery mean and diastolic pressure respectively; PAWPM and V-wave, mean 

pulmonary artery wedge pressure and the maximal amplitude of the V-wave of the PAWP waveform, 

respectively; PVR, pulmonary vascular resistance; TPG, transpulmonary pressure gradient; DPG, 

pulmonary diastolic pressure gradient. Values are expressed in median and interquartile range; † 

denotes significant difference between MS and PH-LHD group. 
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Table S2. Alternative PAWP measurements and DPG calculation. 

A 

DPG 
Mean value 

[mmHg] 

SD 

[mmHg] 

Median 

[mmHg] 

Interquartile range 

[mmHg] 
p-value 

      
DPGPAWPM -3.6 2.63 -3.0 -5 to -1 0.014 

DPGz-point -2.35 2.38 -2.2 -4 to - 0.6  

 

B 

DPG 
Mean value 

[mmHg] 

SD 

[mmHg] 

Median 

[mmHg] 

Interquartile range 

[mmHg] 
p-value 

      
DPGPAWPM -4.1 2.6 -4.0 -6.5 to -2 0.02 

DPGz-point -1.9 2.7 -1.0 -4 to -0.5  

 

A, 34 PH-LHD patients with DPGNEG. B, Subgroup of the previous 34 patients with large V-waves (16 

individuals). DPG, diastolic pressure gradient; DPGPAWPM, DPG calculated using PAWPmean; DPGz-

point, DPG calculated using z-point of the PAWP curve; SD, standard deviation. 
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Figure 1. Correlations between V-wave amplitude and A) DPG, B) TPG,C) PAWPm, D) PAPD in patients with low and high PVR E) Correlation between V-wave amplitude and Delta PG in MS and PH-LHD. Legend details provided in manuscript.
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ABSTRACT 

Background: The mitral annulus (MA), although integral to the mitral apparatus, has been 

inadequately studied in the setting of rheumatic mitral stenosis (MS). We sought to compare 

MA geometry in MS with matched controls, in addition to studying alterations after 

percutaneous transvenous mitral commisurotomy (PTMC) employing 3D transthoracic 

echocardiography (3DTTE). 

Methods: We analyzed 57 subjects (33 ± 8 years, 71% female) with severe MS and 20 BSA-

matched controls. 3D full-volume, multi-beat datasets were acquired before and 24 hours after 

PTMC, and annular variables were analyzed offline.  

Results: The MS group demonstrated a more circular (sphericity index: 0.97 ± 0.08 vs. 0.85 ± 

0.1 cm, p <0.001) and flatter (non planar angle: 151 ± 13 vs. 143 ± 10 degrees; p<0.01) 

annulus, with larger orthogonal diameters, annular circumference, and lower displacement. 

Antero-posterior (A-P) diameter demonstrated a positive correlation with LA size and volume. 

MVA emerged as an independent predictor of annular displacement (p = 0.015), which 

increased after PTMC (6.1 ± 2 to 7.5 ± 2 mm; p<0.01), with a concomitant normalization of 

annular non-planar angle. Subjects that developed higher grades of mitral regurgitation after 

PTMC demonstrated larger A-P diameter on 3DTTE, despite no significant difference in 

severity or morphological score. 

Conclusion: MA geometry and motion is altered in the setting of MS, and non-planar angle 

and annular displacement tend to normalize after PTMC.  
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INTRODUCTION 

Rheumatic mitral stenosis (MS) is associated with leaflet thickening, commissural fusion and 

chordal shortening.
1
 The mitral annulus (MA), though an integral component of the valvular 

apparatus, is understudied in the setting of MS. MA non-planarity and complex geometry 

poses significant challenges to imaging employing conventional 2D imaging.  However, in 

recent times, improved resolution of volumetric datasets obtained by 3D transthoracic 

echocardiography (3DTTE), combined with dedicated software for mitral valve analysis 

permits a more detailed evaluation of MA geometry and function.  

An earlier study employing M-Mode has demonstrated reduced MA displacement in MS 

subjects,
2
 but no studies have explored a detailed evaluation of MA geometry and function to 

date. We hypothesized that MA structure and motion is altered in the setting of significant MS, 

and aimed to a) compare the geometry of the MA in MS subjects with matched controls and 

b) study alterations in MA structure and function after percutaneous transvenous mitral 

commissurotomy (PTMC). 

METHODS 

Study Population. In this single-center, prospective study, we enrolled consecutive subjects 

with symptomatic MS in sinus rhythm referred to the Sri Sathya Sai institute, Bangalore, 

India for PTMC,  in addition to BSA-matched controls. Subjects with atrial fibrillation, mitral 

annular calcification > grade I MR, significant aortic valve disease, ejection fraction (EF) 

<55%, hypertension, diabetes mellitus, pericardial effusion or documented coronary artery 

disease were excluded. In addition, subjects with poor acoustic windows were excluded from 

the analysis. The study was approved by the local institution´s ethics committee and all 

subjects provided informed consent. 
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Echocardiography. All baseline studies were performed on a Vivid E9 system (GE Vingmed 

Ultrasound AS, Horten, Norway) equipped with a volume matrix array 4V probe, in keeping 

with current recommendations.
3
 MS subjects underwent a repeat study 24 hours after the 

PTMC. Mitral valve area (MVA) was assessed using planimetry, and the severity of MR was 

quantified by measuring the vena contracta in the magnified parasternal long axis view.
4
  

Full-volume datasets focused on the LV and MV were acquired from the apical window by an 

experienced operator (AV) by combining 3-5 consecutive electrocardiographically triggered 

sub-volumes during end-expiration ensuring an adequate frame rate of more than 15 frames 

per second for subsequent analysis. 3D datasets were stored digitally in raw-data format and 

analyzed offline on a dedicated workstation.  

Mitral Valvuloplasty. PTMC was performed employing the antegrade trans-septal approach 

as previously described (Inoue) using a 24 to 28 mm Accura balloon catheter (Vascular 

Concepts, Halstead, UK) by one experienced operator (PKD) blinded to echoardiography data. 

Succesful PTMC was defined as MVA ≥ 1.5 cm
2
 and < grade 2 MR after the procedure. 

Image Analysis. Full volume datasets were analyzed employing commercially available 

software (4D-MV Assessment version 2.3; TomTec Imaging Systems, Unterschleissheim, 

Germany). The quality of datasets was subjectively assessed as excellent, good, or poor 

considering signal to noise ratio, blood-tissue contrast and MA tracking quality. Poor quality 

datasets, with inadequate visualization of the LV and MA were excluded from the analysis. 

Early systole was identified as the frame in which the LV was maximally dilated immediately 

after MV closure, and end-systole as the frame when the LV was maximally contracted just 

before the MV opened. Next, anatomical landmarks were added for the aorta, mitral annulus 

and mitral leaflet coaptation. A three dimensional static model was generated by the system at 

mid-systole, and subsequently, a dynamic model was obtained by tracking each systolic frame.  
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MA A-P diameter was defined as the distance between the anterior and posterior annular 

boundaries, and AL-PM diameter as the orthogonal diameter between lateral and medial 

aspects. MA sphericity index was defined as the ration between A-P and AL-PM diameters. 

Annular height was defined as the distance between the lowest and highest annular points.  

MA non planar angle (NPA) described the saddle shape of the annulus considering the angle 

between anterior and posterior margins. Annular displacement and annular velocities were 

calculated by the software during systole.  

Longitudinal Strain (SL). Speckle tracking echocardiography 2D was employed to assess SL 

by tracing the endocardial surface of the LV in the apical long-axis, apical 4-chamber and 

apical 2-chamber views. The system automatically delineated the mid-myocardial and 

epicardial surfaces and provided a region of interest (ROI) with a provision to perform 

manual edits, where required. End-systole was marked by aortic valve closure in the apical 

long-axis view. Segmental peak-systolic strain was provided and global peak-systolic strain 

was obtained by averaging strain obtained across the three orthogonal apical views.  

Stratification based on MR.  Subjects were stratified as having mild (Grade 1: <0.3 cm), 

moderate (Grade 2: 0.3-0.69cm) or severe (Grade 3: > 0.7cm) MR based on vena contracta. 

MR assessment was performed prior to, and after PTMC.  

Statistical Analysis. Statistical analysis was performed using SPSS version 16.0 (SPSS Inc., 

Chicago, IL,USA). All continuous variables were expressed as mean ± SD, and categorical 

variables as percentages. Continuous variables were compared before and after PTMC using 

the paired student t test. Controls were compared with study subjects using the Mann–

Whitney test. Correlations between variables were tested by the Pearson two-tailed correlation. 

Interobserver variability was performed by two independent observers (A.V. and S.S.) in a 

blinded fashion using 10 random subjects. Intraobserver variability was assessed by a single 
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observer (A.V.) through a repeated measurement on the same dataset after a week. Interclass 

correlation coefficients and Bland-Altman analysis were performed to assess reproducibility. 

All tests were performed at 95% confidence intervals, and a P-value of < 0.05 was considered 

statistically significant. 

  

RESULTS 

Study population. 70 MS subjects and 20 BSA-matched controls were initially enrolled into 

the study. Of the MS subjects, 81% demonstrated either excellent or good image quality, and 

all controls presented with adequate image quality for MA analysis. In effect, 57 MS subjects 

(age 33 ± 8 years, 71% female) and 20 matched controls were analyzed. The mean temporal 

resolution of the 3D datasets was 20 ± 4 frames/second.  Table 1 presents demographics and 

2D echocardiography findings in this population. Subjects with MS demonstrated higher left 

ventricular end-systolic dimensions, LA size, and right ventricular dimensions as compared to 

controls.  

MA characteristics in MS and Controls.  As seen in Table 2, MS subjects demonstrated 

markedly larger A-P diameter (3.14 ± 0.3 vs. 2.4 ± 0.1cm), AL-PM diameter (3.26 ± 0.2 vs. 

2.9 ± 0.3cm), annular circumference ( 10.6 ± 0.9 vs. 9.7 ± 0.8 cm2 ) and annular area (8.5 ± 

1.5 vs. 6.9 ± 1.2, p <0.001 for all variables). Further, MS subjects demonstrated a more 

circular (sphericity index: 0.97 ± 0.08 vs. 0.85 ± 0.1 cm, p <0.001) and flatter annulus (151 ± 

13 vs. 143 ± 10 degrees; p<0.01) as compared to controls. A-P diameter demonstrated a 

moderate positive correlation with LA dimension ( r = 0.52, p<0.001) and LAESV (r = 

0.54;p<0.001) and a strong positive correlation with annular area ( r = 0.94; p<0.001) and 

circumference (r = 0.91; p<0.001) During dynamic imaging, MS subjects displayed lower 

displacement ( 6.1 ± 2 vs. 10.3 ± 1cm) and displacement velocities (30 ± 9 vs. 46 ± 9 cm/sec)  
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as compared to controls (p<0.001 for both variables). In the MS group, SBP demonstrated a 

positive association with NPA (r = 0.28, p = 0.04), DBP with sphericity index (r = 0.46, p = 

0.001). EF demonstrated a negative correlation with A-P diameter (-0.28, p =0.03) and 

sphericity index (r = -0.33, p = 0.01) and a positive relationship with annular displacement (r 

= 0.47, p < 0.001) and annular velocity (r=0.38, p = 0.004).  

Determinants of MA displacement. MA displacement demonstrated a positive correlation 

with MVA (r = 0.68, p < 0.001), SV (r = 0.30, p =0.02) and a negative association with 

transmitral mean gradient (r = -0.58) and right ventricular systolic pressure (r = -.56) (p < 

0.001 for all variables). However, when these variables were inserted into a multivariate 

regression model, MVA was identified as the sole independent predictor of annular 

displacement (p = 0.015).  

Longitudinal Strain and MA variables. SL demonstrated a positive association with annular 

displacement (r = 0.57, p = 0.04), but a negative association with A-P diameter (-0.34, p < 

0.01), AL-PM diameter (-0.28, p = 0.03) and annular circumference (r = -0.39, p = 0.001) in 

addition to HR (r = -0.45, p < 0.001). 

Alterations after mitral commissurotomy.  After PTMC, the MVA increased, with a 

corresponding decrease in transmitral gradient and right ventricular systolic pressures. SL 

increased from17.3 ± 3 to 18.2 ± 3% (p = 0.01) after the procedure. Annular non-planar angle 

demonstrated a tendency to normalize (151 ± 13 vs. 145 ± 10 degrees; p < 0.001). An increase 

in annular displacement (6.1 ± 2 vs. 7.5 ± 2 mm; p<0.01) was observed. Annular AL-PM 

diameter increased (3.26 ± 0.2 vs. 3.35 ± 0.3 cm; p<0.01) with no significant change in A-P 

diameter. 

Stratification based on MR. 48 subjects (84%) demonstrated  ≤ grade 1 MR after the 

procedure, and 8 subjects (16%) developed grade 2 MR. No subjects developed severe MR 
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after PTMC in this cohort.  Subjects that developed grade 2 MR demonstrated no significant 

differences in MVA, transmitral gradient, Wilkins score or RVSP at baseline. However, on 

3D TTE, these subjects demonstrated markedly larger A-P diameter (3.5 ± 0.4 vs. 3.1± 0.4 

cm; p<0.001) and annular area (9.6 ± 2 vs. 8.3 ± 1.3; p<0.02) before PTMC. 

Reproducibility. Good intra- and inter-observer reproducibility was established, with inter-

class correlation coefficients ranging from 0.86 to 0.98 for intra-observer and from 0.76   to 

0.96 for inter-observer reproducibility for all MA variables. These findings are in keeping 

with a recent validation study employing 3DTTE.
5
 

 

DISCUSSION 

We investigated structural characteristics of the MA in the setting of MS, in addition to 

studying alterations after PTMC. The main findings of this study were a) subjects with MS 

demonstrate an altered MA geometry at baseline, and annular non-planarity and displacement 

tend to normalize after PTMC and b) MA A-P diameter at baseline demonstrates an 

association with MR severity after intervention. 

The mitral apparatus is a complex 3-dimensional structure that comprises six components that 

work in an interdependent, coordinated manner. These include the left atrial wall, annulus, 

mitral leaflets, chordae tendinae, papillary muscles and left ventricular wall.
6
 Early studies 

have suggested that mitral stenosis results in cuspal, chordal and commissural pathology.
7
 

However, the mitral annulus has not been adequately studied in this setting.  The complex 

geometry of the mitral annulus poses significant challenges to adequate characterization 

employing 2D echocardiography.
8
 3D echocardiography overcomes a number of these 

limitations, enabling a more comprehensive assessment of the annulus. Higher spatial and 

temporal resolution available in current generation scanners, combined with software that 
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facilitate quantitative assessment of MA geometry permit a more detailed study 
9-13

 and has 

been validated against surgical measurements.
14

  

Pioneering work in 3-dimensional reconstruction by Levine and colleagues described the 

mitral annulus as being saddle-shaped, the high points of the hyperbolic paraboloid marked by 

the antero-posterior diameter, and the low points by the inter-commissural diameter.
15

 MA 

flattening has been observed in the setting of MR
16

 and a quantitative evaluation of annular 

geometry has been shown to contribute to our understanding of pathophysiology
9-11

 and 

assists in planning corrective surgery.
17

  To date, there are no studies that characterize annular 

geometry in MS. In our study, we demonstrate a markedly flatter annulus in the setting of MS, 

with a significant positive association between MA A-P diameter and LA dimension. Given 

the continuity between the posterior leaflet and the atrial endocardium, an enlargement of the 

LA would, intuitively, impact the A-P diameter of the annulus leading to increased annular 

flattening.  Previously, animal studies have suggested that atrial remodeling affects the 3-

dimensional structure of the annulus,
18

 and echocardiographic studies performed in humans 

with isolated atrial fibrillation and normal LV geometry suggest that isolated atrial dilation 

may not result in significant MR.
19-21

  

While an older study has suggested that annular displacement is reduced in this setting,
2
 to 

our knowledge, ours is the first study to provide a detailed account of MA geometry and 

motion in MS employing 3DTTE. In addition to the significant differences in static annular 

variables between our patient group and controls, our data suggests that MA displacement is 

markedly reduced, but improves after valvuloplasty. Our finding that MVA is an independent 

predictor of MA displacement in this cohort suggests that hemodynamic alterations associated 

with an increased MVA after the procedure may be attributable to this improvement in motion. 
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2D echocardiography plays an important role in the appropriate selection of MS subjects for 

PTMC.  The development of severe MR after the procedure, most often due to leaflet 

rupture,
22

 is a major complication that carries an adverse prognosis with an incidence of 1.4 to 

19%.
23, 24

 While in our study, no subjects developed severe MR, a relatively high number of 

subjects (n = 8; 16%) developed grade 2 MR after PTMC. This may partially be attributed to 

a more diseased mitral apparatus, as substantiated by a relatively high Wilkins Score (WS = 

9.7 ± 1). While our preliminary data does not offer conclusive evidence on the contribution of 

the MA A-P diameter to the development of MR, it suggests an association that warrants 

further investigation. 

Another interesting finding of this study is the observed tendency of the MA to normalize 

annular geometry and displacement after PTMC. An increase in MVA due to the splitting of 

commissures leads to a decrease in the LA pressures, improved diastolic filling of the LV and 

subsequently, increased stroke volume.  These hemodynamic alterations associated with 

balloon dilation offer a plausible explanation for the alterations in MA geometry, and suggest 

that the structural deformation at baseline may not be due to an extension of the rheumatic 

process to the MA per se. 

In summary, this study suggests that the MA in MS subjects is deformed and demonstrates a 

tendency to normalize after PTMC. MA A-P diameter demonstrates an association with MR 

severity after the procedure. 

Limitations. We recognize a number of limitations in this study. The number of subjects 

enrolled is low, and large, prospective studies are required to address definite conclusions. 

Further, the absence of a cohort that developed severe MR is another limitation that warrants 

subsequent investigation.  
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 Controls(n=20) MS(n=58) 

 

P 

        
Age (years) 30 ± 6 33 ± 8  NS 

Female (%) 70 % 71% NS 

BSA (m
2
) 1.45 ± 0.2  1.46 ± 0.2  NS 

HR (bpm) 74 ± 10 75 ± 14  NS 

SBP (mmHg) 115 ± 6 

 

111 ± 5 

 

NS 

DBP (mmHg) 76 ± 5 

 

70 ± 3 

 

<0.01 

 
Left Ventricle    

LVIDd (cm) 4.3 ± 0.6 

 

4.3 ± 0.5 

 

NS 

 
LVIDs (cm) 

 

2.6 ± 0.3 

 

3.0 ± 0.4 

 

<0.05 

 
LVEDV (ml) 

 

96 ± 16 

 

87 ± 20 

 

NS 

 
LVESV (ml) 

 

36 ± 9 

 

36 ± 10 

 

NS 

 
SV (ml) 59 ± 13 53 ± 14 NS 

LVEF (%) 

 

63 ± 4 

 

58 ± 7 

 

NS 

 
LVSL (%) 

 

21 ± 3 

 

17 ± 3 

 

<0.001 

 
Left Atrium 

 

   

LA A-P Dia(cm) 

 

3.1 ± 0.3 

 

4.5 ± 0.5 

 

<0.001 

 
LAESV (ml) 

 

33 ± 8 

 

106 ± 30 

 

<0.001 

 
LAESVi (ml/BSA) 23 ± 6 

 

73 ± 21 <0.001 

 
Right Ventricle 

 

   

RVSP (mmHg) 

 

 55 ± 25 

 

 

RVIDd mid (cm) 

 

2.9 ± 0.5 

 

3.3 ± 0.5 

 

<0.001 

 
RA Major (cm) 

 

 

4.1 ± 0.6 

 

4.2 ± 0.6 

 

 

TR Severity   1.2 ± 0.4  

Mitral Valve 

 

   

MVA (cm
2
) 

 

 0.8 ± 0.2 

 

 

MVG (mmHg) 

 

 16 ± 7 

 

 

Wilkins Score 

 

 9.7 ± 1 

 

 

    

    

Table 1: Demographics and 2D echocardiography. BSA, body surface area; HR, heart rate; SBP, systolic blood 

pressure; DBP, diastolic blood pressure; LVID, left ventricular internal diameter; d, diastole; s, systole; LVEDV, left 

ventricular end-diastolic volume; LVESV, left ventricular end systolic volume; LVEF, ejection fraction; LVSL , left 

ventricular longitudinal strain; LA A-P, left atrial antero-posterior diameter; LAESV, left atrial end-systolic volume; LA-

ESVi, left atrial end-systolic volume indexed to body surface area; RVSP, right ventricular systolic pressure; RVID, right 

ventricular internal diameter; RA, right atrial diameter; TR; tricuspid regurgitation; MS, mitral stenosis; MVA, mitral valve 

area; MVG, mean mitral valve gradient. 
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 Controls (n=20) Pre PTMC (n = 58) 

 

Post PTMC (n = 58) 

    3D Variables    

A-P Dia (cm) 2.4 ± 0.1 

 

3.14 ± 0.3* 

 (53) 

3.17 ± 0.4*  

AL-PM Dia (cm) 2.9 ± 0.3 

 

3.26 ± 0.2*† 

 

3.35 ± 0.3*† 

 
Sphericity index 

 

0.85 ± 0.1 

 

0.97 ± 0.08* 

 

0.94 ±0.05* 

 
Annular Circ (cm) 

 

9.7 ±  0.8 

 

10.6 ± 0.9* 

 

10.7 ± 1.2* 

 Annular Area (cm
2
) 

 

6.9 ±  1.2 

 

8.5 ± 1.5* 

 

8.7 ± 2.0* 

 Annular Height (cm)  0.66 ±0.2* 

 

0.68±0.2* 

 Non Planar Angle (degrees) 

 

143 ± 10 

 

151 ± 13*† 

 

145 ±10*† 

 Annular Displacement (cm) 

 

10.3 ± 1 

 

6.1 ± 2*† 

 

7.5 ± 2*† 

 Annular Velocity (cm/sec) 46 ± 9 

 

30 ± 9* 

 

32 ± 10* 

     

Table 2: 3D Mitral Annular Variables. * indicates significant difference (p<0.05) compared to control. † indicates 

significant difference (p<0.05) between patient groups. A-P Dia, antero-posterior diameter; AL-PM Dia, anterolateral 

posteromedial diameter; Annular Circ, annular circumference. 
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 < +2MR (n=49) ≥ +2 MR (n = 9) 

 

P 

        

2D variables    

MVA (cm2) 

 

0.8 ± 0.2 

 

0.7 ± 0.2 

 (53) 

NS  

MV Gradient (mean) 

 

16 ± 7 

 

17 ± 7 

 

NS 

 
Wilkins Score 

 

9.6 ± 1 9.8 ± 1 NS 

RVSP (mmHg) 53 ± 21 68 ± 38 NS 

LAESVi (mmHg/BSA) 72 ± 20 85 ± 21 NS 

    

3D Variables    

A-P Dia (cm) 

 

3.1 ± 0.3 

 

3.5 ± 0.4 

 

<0.001 

AL-PM Dia (cm) 

 

3.2 ± 0.2 

 

3.4 ± 0.3 

 

NS 

Annular Height (cm) 

 

0.66 ± 0.2 

 

0.68 ± 0.2 

 

NS 

Annular Circ (cm) 

 

10.5 ± 0.9 

 

11.2 ± 1 

 

NS 

Annular Area (cm
2
) 

 

8.3 ± 1.3 

 

9.6 ± 2 

 

0.02 

Non Planar Angle (degrees) 

 

152 ± 13 

 

150 ± 13 

 

NS 

Annular Displacement (cm) 

 

6.3 ± 2 5.4 ± 2 NS 

Annular Velocity (cm/sec) 31 ± 8 27 ± 12 NS 

    

    

 

Table 3: 3D Mitral Annular Variables. MVA, mitral valve area; MVG, mean mitral valve gradient; RVSP, right 

ventricular systolic pressure; LA-ESVi, left atrial end-systolic volume indexed to body surface area; A-P Dia, antero-

posterior diameter; AL-PM Dia, anterolateral posteromedial diameter; Annular Circ, annular circumference. 
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