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ABSTRACT

Background: It is well known that performance of the right ventricle (RV) determines
exercise capacity and may confer prognostic information in different cardiopulmonary
diseases. To allow optimal patient management, ideal methods to assess right heart function
are therefore important. Echocardiography is an attractive investigation for that purpose,
although limited by the anatomical and functional complexities of the RV.
The aim of the present thesis was to present applicable methods useful in clinical practice by
traditional 2D/Doppler echocardiography and Doppler tissue imaging (DTI) in the assessment
of global and regional RV function in both health and disease.
Methods: The studies were performed on 4 different groups; (1) 255 healthy subjects (125
females), (2) 92 consecutive patients with different cardiac diseases (36 females), (3) 26
patients with systemic sclerosis, (SSc) (21 females) and (4) 26 consecutive patients with heart
failure (8 females) undergoing cardiac catheterisation.
Results: RV outflow tract fractional shortening (RVOT fs), which is a new method in the
assessment of RV function, correlated significantly with RV systolic long axis motion (r=
0.66, p< 0.001), pulmonary artery acceleration time (r= 0.80, p< 0.001) and RV-right atrial
peak systolic pressure drop gradient (r= -0.53, p< 0.001). Furthermore, RVOT fs was reduced
in patients with pulmonary hypertension whereas RV systolic long axis motion was not in
difference. This finding was confirmed after comparing RV function with invasive pressures.
In healthy subjects, while the systolic myocardial velocities were preserved over age, the peak
isovolumic contraction velocity (IVCv) was weakly increased with advanced age (r= 0.34, p<
0.01). Furthermore, both global and regional E/A ratios were reduced (r= -0.57, r= -0.67, p<
0.001 for both) with age whereas no alteration was found in the myocardial isovolumic
relaxation time (IVRt). In patients with systemic sclerosis (SSc) both global (64± 23 vs. 39±
12 ms, p< 0.001) as well as regional (83± 40 vs. 46± 24 ms, p< 0.001) IVRt were prolonged.
After evaluating echocardiographic parameters with invasive pressures we found a significant
correlation between DTI derived IVRt and pulmonary artery systolic pressures (r= 0.83, p<
0.01) while the IVCv was related to the state of contractility (r= 0.77, p< 0.001). Furthermore,
an IVCv below 6 cm/s was shown to be an accurate marker of increased right atrial pressure
(>6 mm Hg).
In conclusion, RVOT fs can be used as a complementary measurement of RV systolic
function, being more sensitive to elevated pulmonary artery systolic pressures than the
systolic longitudinal RV motion. Right heart function, mainly the diastolic function,  is
relatively weakly influenced by age compared to the left heart function. In patients with SSc,
we found diastolic disturbances, including a prolonged IVRt and proposed the findings to be
early markers related to intermittent pulmonary hypertension. This observation was
strengthened after evaluating IVRt against invasive pulmonary artery systolic pressures.
IVCv can be used to determine the state of RV contractility and also be used to identify
patients with elevated filling pressures.  The presented methods can be used to detect early
signs of RV dysfunction which might prohibit right heart failure. All presented methods are
non-invasive, reproducible, easy obtainable, and thus useful in clinical practice.

Key Words: Echocardiography, Doppler tissue imaging, Right ventricle, cardiac
catheterisation, isovolumic relaxation, isovolumic contraction
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ABBREVIATIONS

RV Right ventricle

LV Left ventricle

RA Right atrium

LA Left atrium

FAC Fractional area change

IVRt Isovolumic relaxation time

IVCt Isovolumic contraction time

EJt Ejection time

RVOT Right ventricular outflow tract

RVIT Right ventricular inflow tract

PHT Pulmonary hypertension

DTI Doppler tissue imaging

IVCv Myocardial peak velocity during the isovolumic contraction phase

E Peak velocity in early diastole

A Peak velocity during atrial systole

Ev Myocardial peak velocity in early diastole

Av Myocardial peak velocity during atrial systole

E/A Ratio of the E and A velocity

Sv Myocardial peak systolic velocity

SSc Systemic sclerosis

PCG Phonocardiogram

BSA Body surface area

PACt Pulmonary artery acceleration time
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FS Fractional shortening

RBBB Right bundle branch block

EF Ejection fraction

COPD Chronic obstructive pulmonary disease

TR Tricuspid regurgitation

PASP Pulmonary artery systolic pressure

S2 Second heart sound
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A SHORT PERSONAL REFLECTION

In 1988 I was introduced to the field of echocardiography and was fascinated by the

moving heart seen on the ultrasound screen.

However, I found it strange that the function of the right heart was less investigated

compared to the left.  I realized that not much was actually known about the function

of the right heart and therefore, put an “extra eye” and may be 5 more minutes on

viewing “the ignored right heart”. I then understood that the function of the right

heart is important for overall cardiac function. I decided to further devote my

interest in science to it and started a research project while my ambition was to make

the assessment of right heart function possible in clinical practice.  Today the

importance of accurate assessment of RV function is well established.

I’ve tried to evaluate easy methods bearing in mind the respect for all complexities. I

hope you find the book useful.

Per
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INTRODUCTION

Right heart anatomy

The right ventricle (RV) is placed just beneath the sternum in an anterior position to

the left ventricle (LV). The muscle mass of the RV is approximately 1/6 of the LV

and this is explained by different loading conditions as it is pumping towards

approximately 1/6 the pressure and resistance of the LV. While the LV, under

normal conditions, is thick walled and is ellipsoid in shape, the RV is  thin walled

(3-4 mm) and crescent shaped (1). Furthermore, the RV is anatomically, structurally

and functionally divided into two parts, the inflow (IT)- and outflow tract (OT)

separated by a thick intra cavitary muscle band called crista supraventricularis (2). A

second intra cavitary muscle band runs from septum to the anterior RV wall and is

called the moderator band that is attached to the RV outflow tract (3). The apical

part of RV is heavily trabeculated and virtually an immobile part of the ventricle.

The IT is mainly composed of circumferential fibres in the subepicardium and

longitudinal fibres at the subendocardium. At the OT, both subendocardial and

subepicardial fibres run longitudinally, overlain by fibres running at right angle to

the outlet long axis, which can be traced to the crista supraventricularis and to the

anterior sulcus, serving to bind the two ventricles together. As the inflow and

outflow long axis are at right angles to each other, the  inflow long axis fibres are

perpendicular to those on the diaphragmatic surface, hence running parallel to the

outflow with little change in direction (4). The architecture of the outflow tract is

described as a bulbar musculature, anatomically and functionally different from the

rest of the RV (3, 5). The functional role of the outflow tract is still not fully

understood (6) but it has been proposed that it could  protect the pulmonary

circulation during pressure rise in the RV (5, 7) .

I
V
C

P
Lindqvist
2002-11-
08
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Right heart physiology

The overall thin RV is capable of filling and pumping blood at the same rate and

volume as the thick walled LV. This is possible considering the characteristics of the

venous system and the pulmonary circulation compared to the pulmonary veins and

the systemic circulation (8).

  Pulmonary artery pressure and pulmonary vascular resistance are

approximately 1/6 of the corresponding systemic values.

  The pulmonary artery pulse amplitude is lower than the systemic pulse

amplitude.

  The pulmonary arterial distensibility is higher than systemic arterial

distensibility.

  Pulmonary arteries do not exhibit increasing stiffness between central and

peripheral sites.

 The peripheral pulse wave reflection in the pulmonary arteries is lower than

in the systemic circulation

The RV wall motion is complex (9, 10). During systole, at the inflow tract there is a

longitudinal shortening from base to apex and a radial motion towards the common

septum. Additional circumferential motion gives a rotation or a squeeze of the

ventricle (11). During the phase of isovolumic contraction the ventricle moves in a

circumferential direction which is related to the action from subepicardial fibres.

The longitudinal shortening of the ventricle occurs mainly during the ejection phase

due to the contraction of subendocardial fibres. The ejection of the RV outflow tract

occurs approximately 25 ms. after the contraction of the inflow tract which gives an

overall peristaltic ventricular motion (5).The contribution of septal motion to RV

function in the normal heart and in disease states is not fully understood, but it

contributes to both the LV and RV function (12) and is a major determinant of

maximal RV function (13).
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Right heart pathophysiology

Right heart response to acute and chronic pressure overload

The RV is a thin walled chamber which makes it sensitive to alterations in the

pulmonary artery pressure. However, the relationship between the pulmonary artery

pressures and RV function is complicated (2, 14).  The effect of age, gender,

primary  pulmonary or secondary pulmonary hypertension, acute or chronic

elevation of pulmonary pressures, coexisting volume overload, type of myocardial

disease and the presence of elevated right atrial pressure may all be important

coexisting factors (15-17). In health the RV ejects to a low impedance vasculature.

However, the RV chamber can compensate and adapt when afterload increases

slowly, by dilating and developing hypertrophy. The change in the ventricular shape

often results in reduced compliance and inability to increase cardiac output (18). In

more rapid and pronounced elevation in pulmonary artery pressures, for example in

pulmonary embolism, the RV enlarges and if not treated rapidly may cause elevated

RV end diastolic and right atrial (RA) pressures leading to severe tricuspid

regurgitation and right heart failure. This situation is commonly related to an

adverse outcome (19).

Right heart and myocardial blood flow

Maintenance of coronary flow is crucial when RV systolic pressure is elevated. In

pulmonary hypertension, RV myocardial oxygen demand is increased and right

coronary artery (RCA) perfusion pressure may be unchanged or decreased.

Furthermore, as RV perfusion occurs during both diastole and systole, the systolic

portion of flow will be diminished as a result of elevated chamber pressures  (20,

21). Involvement of RV is present in approximately 40-50 % of patients with acute

inferior myocardial infarction and may result in haemodynamic compromised

situation with a poor clinical outcome. Acute RCA occlusion proximal to the RV

branch often results in RV free wall dysfunction. The ischemic RV is stiff, dilated

and volume dependent resulting in RV dysfunction. Patients with RV myocardial

infarction often respond to volume treatment and early reperfusion enhances the
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recovery of RV performance and significantly improves the clinical outcome and

improves survival (22).

Right heart function in pulmonary disease

Pulmonary disease affects the RV function by elevation in pulmonary artery

pressures and resistance. In patients with chronic obstructive pulmonary disease,

(COPD) a wide range of resting pulmonary pressures and grades of RV dysfunction

have been reported (23-25). However, depressed RV function may be found in

patients with COPD, especially during exercise (26). Previous studies have shown a

fall in long axis function in patients with cystic fibrosis (27) and RV diastolic

dysfunction in patients with COPD and pulmonary embolism (28).

Right heart function in heart failure and valvular diseases

The RV function is a major determinant of symptoms and exercise capacity in heart

failure (29) with poor outcome in patients with RV and RA dilatation (30, 31). A

rise in pulmonary pressures related to a longstanding severe mitral and aortic valve

disease commonly affects the RV EF. Consequently, tricuspid annulus may dilate

and a volume overload due to severe tricuspid regurgitation may result. However,

successful treatment of valvular or myocardial disease may improve RV function.

Studies have shown that a doubling in the RV afterload (from 25 to 50 mm Hg)

decreases RV EF with approximately 10% (from 55 to 45%). A doubling in LV

afterload (from 125 to 250 mm Hg) gives a similar reduction in LV EF (15).

Mitral valve diseases generally influence the pulmonary pressures and RV function

more than aortic valve diseases. PA pressures may normalise within 6 months after

successful mitral valve surgery. However, it may stay elevated in patients where

severe longstanding pulmonary hypertension (PHT) is found before operation (15).

This can be explained by the structural changes of the pulmonary vessels, which

may normalise slowly after operation or may be irreversible (32). Therefore, early

detection of PHT is important in optimizing patient management. A reduced long

axis motion is a mandatory finding after open heart surgery (33), the reason for that

is not fully explained. Pericardectomy with loss of lubricating surface at the anterior
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surface of the heart, ischemic damage due to poor RV preservation during surgery

and right atrial damage due to placement of bypass cannulae are possible factors

(34).
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Ventricular interaction

Ventricular interaction occurs during pressure and/or volume overloading and refers

to the effects of one ventricle transmitted to the other through:

 Septum

 Muscle fibres

 Pericardium

 Blood supply by the coronary arteries

 Pressure-volume changes within the chest cavity

Diastolic interaction

Diastolic interaction may occur on moment-to-moment and beat-to-beat basis when

LV filling is reduced during inspiration as an enlarging RV encroaches on the LV by

flattening the septum and increasing the pericardial pressures (35). A similar

phenomenon has been demonstrated during application of positive end expiratory

pressure (PEEP) in mechanical ventilation. High levels of PEEP cause a significant

increase in pulmonary artery pressure and RV dilation in association with a decline

in LV peak filling rate. Studies have also shown that acute RV volume and pressure

overloading result in an upward and leftward displacement of the LV pressure-

volume curve, with reduced compliance and altered septal configuration (35).

Furthermore, increase in the RV size that occurs during RV ischemia and

application of PEEP causes a significant upward shift in the LV diastolic pressure-

volume relationship, consistent with reduced LV compliance.
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Systolic interaction

Systolic ventricular interaction may occur when an increased LV systolic pressure

produces an immediate increase in RV systolic pressure. Releasing a partial

constriction of the pulmonary artery not only decreases the RV systolic pressure but

also the LV systolic pressure (35). As preload is not altered only systolic ventricular

interdependence could explain this interaction. A similar interaction is seen after

releasing aortic constriction. The systolic bulging of the septum towards RV or LV

due to primary ventricular pressure overload generates a significant proportion of

stroke volume (35).

Assessment of right heart function

Radionuclide techniques

Three different techniques have been used to measure the RV EF and regional wall

motion abnormalities.

 Gated equilibrium radionuclide angiography (RNA)

 Gated first-pass RNA

 First pass RNA

Comparing these 3 methods with ultra-fast computed tomography estimated RV EF,

the strongest correlation was found with gated first-pass RNA. On the other hand,

poor correlation was found with gated equilibrium and first-pass RNA. Comparison

between gated equilibrium and gated first-pass RNA to cine-magnetic resonance

imaging (MRI) showed good correlation between gated first pass and MRI when a

two-region–of interest was used.

Limitations are the inability to separate the atrium and the ventricle, radiation, high

cost, time for acquisition and processing (36).
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Computed tomography

Ultra fast cine computed tomography (CT) provides an excellent avenue for

assessment of cardiac morphology and comparison to actual RV volumes are shown

to be very accurate (37). The method permits high spatial, temporal and contrast

resolution for delineation of endocardial and epicardial borders. Furthermore, stroke

volume can be determined by planimetri of tomographic volumes applying the

Simpson’s rule. Application of this method makes no assumptions of the RV

geometry, as commonly done by other methods (37).

Cardiac catheterisation

Determination of   intra cardiac pressures and volumes based on invasive technique

was previously the most common method in the assessment of cardiac function.

Pressures can be obtained at different levels in the right side of the heart. An

additional thermo-dilution catheter provides possibility to assess cardiac output.

From the cardiac pressure analysis of both the positive and negative derivate from

ventricular pressure curve can be done to determine both contractility and relaxation.

Absolute and relative contra indications and risk with invasive method are well

known limitations. The method can be considered as one of the gold standards (38).

However, cardiac catheterisation is today rarely used for the assessment of RV

function.
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Magnetic resonance imaging

Magnetic resonance imaging has several advantages compared to other techniques,

making it suitable for RV imaging. The technique does not require any contrast or

use of radiation and calculations of volumes do not depend on geometric

assumptions. The natural contrast between blood and tissue allows accurate

assessment of regional RV wall motion and chamber size. Recently, it has been

shown that myocardial deformation can be assessed by depositing the planes or

“tags” after detection of QRS from ECG to capture motion throughout the cardiac

cycle (15).  Limitations are long acquisition and processing time. Furthermore,

availability and cost are other limitations.

Doppler Echocardiography

The use of echocardiography is today well established worldwide. As the RV is

positioned close to the sternum and being complex in its geometric shape,

assessment by 2-dimensional echocardiography is difficult despite the improvement

in image acquisition. Volume- and ejection fraction calculations based on 2-

dimensional echocardiography have been reported but are based on mathematical

assumptions of RV geometry (39, 40) not attractive in clinical situations. The area

change measurement may reflect global and regional wall motion but this technique

is mainly a measurement of the inflow tract of the RV (41-43).

By using Doppler echocardiography, estimation of pulmonary artery pressure can be

done.  The most common way to determine this is by measuring the peak retrograde

pressure drop across the tricuspid valve regurgitation (TR) and pulmonary valve

regurgitation (PR). The calculation of the pressure gradients can be done by using

the modified Bernoulli formula (∆P = 4V2). Additional estimation of right atrial

pressure can be done from measuring the inferior vena cava dimensions and the

hepatic venous flow curve can be used to estimate the pulmonary artery systolic

pressure and mean pulmonary pressure (44).Furthermore, pulmonary artery flow

acceleration time (PACt) and the RV isovolumic relaxation time (IVRt) are

additional methods for estimating pulmonary artery pressure. Among these methods,

assessment of TR is most commonly used in clinical practice (45).
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A new method in the assessment of RV function utilizes the sum of the isovolumic

time intervals divided by the ejection time. This index is called the myocardial

performance index (MPI) or Tei index, which is proposed to be correlated to the

pulmonary pressures (46).

Due to the RV complexity, the use of 2 dimensional measurement of the systolic

long axis motion of the RV free wall has been found to be attractive due its

simplicity (47, 48) and shown to correlate with radionuclide angiography derived

ejection fraction (31). A limitation in measuring the long axis motion is the lack of

information about the outflow tract function and septal contribution (Figure 1).
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Figure 1.  Echocardiographic views of the right ventricle (RV). A = the RV viewed
from apical four chamber view with the right atrium (RA) and the inflow tract of the
RV. B= the RV is viewed from parasternal short axis view with RV outflow tract
(RVOT), RA, pulmonary valve (PV), tricuspid valve (TV) and aortic valve (AV)
visualised.

The systolic long axis amplitude has been shown to be only weakly related to

pulmonary artery systolic pressures (49, 50). Annular motion, assessed by 2D/M-

mode echocardiography or Doppler tissue imaging (DTI) can also be used to

measure the RV diastolic function (51).
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Three-dimensional echocardiography may have a potential advantage in determining

RV volumes. Image reconstruction can be performed both on-line and off-line (52,

53). However, the technique is very time consuming and therefore remains far from

being clinically applicable.

Doppler tissue imaging and strain echocardiography

Doppler tissue imaging (DTI) is a new echocardiographic tool in the assessment of

ventricular function. The method is available in most modern ultrasound systems

and can provide accurate information about myocardial motion throughout the

cardiac cycle (54, 55). In contrast to traditional pulsed Doppler echocardiography,

which detects high velocity with low frequency, Doppler tissue imaging reflects low

velocity with high frequency. To display tissue velocities, two relatively simple

alterations in the Doppler signal are required: (i) the high pass filter is bypassed and

(ii) lower gain amplification is used to eliminate the weaker intensity blood flow

signals (56). Tissue velocities can be displayed with spectral pulsed, colour-encoded

M-mode or two dimensional- mode, with pulsed Doppler measuring peak velocities

and colour Doppler mean velocities (54). Doppler tissue imaging is proposed to be

less preload dependent compared to traditional pulsed Doppler technique (57).

Recently, strain and strain rate techniques have been shown to quantify regional

deformation, but this technique is mainly derived from mechanical engineering and

is  today not widely used in clinical practice (58). However, pulsed Doppler

technique is the simplest and most robust to use, with high temporal resolution and

being on-line informative (59). The major disadvantage of pulsed DTI is poor spatial

resolution due to movement of  the heart while the sample volume is fixed (60).
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OBJECTIVES

 I. To explore a new and simple method for the assessment of right ventricular

function by measuring the outflow tract fractional shortening (RVOT fs).

 II. To investigate right ventricular function in healthy subjects using Doppler

tissue imaging and conventional 2D/Doppler echocardiography.

 III. To evaluate right ventricular function in patients with systemic sclerosis using

Doppler tissue imaging.

 IV. To evaluate the use of Doppler tissue imaging derived isovolumic relaxation

time to estimate the pulmonary artery pressure, by comparison with

simultaneous invasive pressures.

 V. To evaluate the use of Doppler tissue imaging derived isovolumic contraction

velocity to estimate right ventricular contractile function, by comparison with

simultaneous invasive pressures.
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SUBJECTS AND METHODS

Study populations

Study I

The study population consisted of 92 consecutive subjects referred for

echocardiographic examination (mean age 67±14 years, range19-95, 56 males). For

comparative purposes, 20 healthy controls (mean age 46±12 years, 10 males) were

studied.

Study II

Umeå General Population Heart Study

Every resident in Sweden has a national registration number that includes the date of

birth. The numbers are registered and controlled by the Swedish tax authority in a

national register, including vital statistics and which by law, must be kept up to date.

The registration number consists of the date of birth plus four digits where the third

digit indicates female (even) or a male (odd). On this basis, one thousand (500

females) subjects born at five years intervals (e.g. 1905, 1910, 1915 up 1975, a total

of fifteen age groups) were randomly drawn from the register. Information about the

nature of the project and invitation to participate were sent to those subjects.

Inclusion criteria were absence of any known cardiovascular or systemic disease and

absence of any medication which could influence cardiac function. This was further

checked by a telephone interview. A specially designed questionnaire was sent to all

subjects before enrolment. Subjects with diabetes, hypertension, hyperlipidemia,

history of rheumatic fever, transient ischemic attack, stroke and intermittent

claudication were excluded. Three hundred subjects (ten from each age group, with

equal sex distribution) were included. Despite these precautions, 45 subjects had to
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be excluded after the examinations; 23 had blood pressure > 160/90 mm Hg, 3 had

moderate aortic stenosis, 13 had abnormal ECG (3 LBBB, 4 RBBB, 6 LAH) and 6

were on anti-hypertensive therapy.

The upper limit for blood pressure in our study population was 160/90 mm Hg

chosen because of the very wide age span (61). The remaining 255 subjects (mean

age ± SD, 58± 19 years, and range 22-89, 125 females) constituted the study

population. All subjects were coded and analyse were made blindly. All subjects

gave informed consent for the study, which was approved by the ethics committee of

Umeå University.

Study III

Twenty-six consecutive patients (21 females) with systemic sclerosis (SSc)

according to the previously defined criteria for SSc (62) were studied. Eighteen of

the patients fulfilled the criteria for limited disease (lcSSc), and 2 patients had the

diffuse cutaneous type (dcSSc) (63). Six of the SSc patients with high titres of RNP

antibodies also fulfilled the criteria for mixed connective tissue disease (MCTD)

(64).The mean age of the studied group was 56±15 (range 26-78) years and the

disease had been recognized for 11.8±8.7 (range 1-35) years. The extent of skin

involvement was assessed according to the modified Rodnan model C with 8

unilateral sites and a maximum of 16 points (65). All patients except for one had

Raynaud’s phenomenon (66). Seven of the patients were severely affected with

digital pitting scars or ulcers, and 2 had had fingers amputated. Six patients were

receiving medical treatment with ACE inhibitors and/or beta-blockers. For

comparison, 25 healthy subjects (21 females) with a mean age of 56±16 (range 25-

76) years were used as controls. All the patients and controls gave their consent to

participate in the study, which was approved by the local ethics committee. Seven of

the patients and four of the controls were smokers.



24

Studies V and IV

The study population consisted of 26 consecutive patients (18 males) referred for

cardiac catheterisation. Mean age was 52±12 years (range 23-75). The underlying

diagnoses were: hypertrophic cardiomyopathy (HCM) (n=2), dilated

cardiomyopathy (DCM) (n=10), previous transplanted hearts (n=4), systemic

hypertension (n=1), mitral valve prosthesis dysfunction (n=1), heart failure due to

longstanding aortic stenosis (n=1), mitral valve disease (n=2), ischemic heart disease

(n=1) and primary pulmonary hypertension (n=4). All were in sinus rhythm and

patients with complete right bundle branch block were excluded. Medication: Nine

were on diuretics, 12 were on ACE- inhibitor, 12 were on beta blockers, 1 was on

digitalis and 6 were on calcium antagonists (Table 1). All the patients gave their

consent to participate in the study, which was approved by the local ethics

committee.
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Table 1. Patient characteristics in studies V and VI

DCM Transplanted sPHT pPHT HCM
n 10 4 6 4 2

Age (years) 49±9 56±8 60±8 30±9 64±6

HR (bpm) 62±12 76±14 89±16 74±14 73±1

SBP (mm Hg) 118±21 152±31 131±26 120±30 128±16

DBP (mm Hg) 76±11 92±2 77±13 68±13 85±7

Gender (m/f) 8/2 4/0 3/3 1/3 2/0

BSA ( m2 ) 2.07±0.26 2.15±0.17 1.88±0.31 1.75±0.21 2.15±0.21

NYHA (I/II/III/IV) 0/4/5/1 2/2/0/0 0/2/2/2 0/2/2/0 0/0/0/2

PASP (mm Hg) 47±32 32±3 71±39 90±26 42±0

RAMP (mm Hg) 7±5 6±2 12±7 14±10 8±4

LVEF (%) 35±11 54±15 31±23 72±7 43±19

LVDD (mm) 71±11 52±11 50±7 43±12 54±18

RVS long axis

(mm)
18±5 17±2 16±9 13±7 13±1

DCM= dilated cardiomyopathy; sPHT= secondary pulmonary hypertension; pPHT=
primary pulmonary hypertension; HCM= hypertrophic cardiomyopathy; HR= heart
rate; SBP= systolic blood pressure; SDP= diastolic blood pressure; BSA; body
surface area; PASP= pulmonary artery systolic pressure; RAMP; right atrial mean
pressure; LVEF= left ventricular ejection fraction; LVDD= left ventricular diastolic
diameter; RVS= right ventricular systolic.



26

Methods and measurements

Ultrasound systems in the studies

Study I. Echocardiography was performed using the commercially available system

(ATL HDI Ultramark 9, Philips Ultrasound, Bothell, Wash, U.S.A) equipped with a

2.0-3.0 MHz phased array transducer. Patients were examined in the left lateral

decubitus position. All echocardiographic examinations were performed by the same

investigator.

Study II. The examinations were performed with the subjects in the left lateral

decubitus position and recordings were taken during expiration. A commercially

available ultrasound system (Acuson Sequoia, Mountain View, Calf, U.S.A)

equipped with a multi frequency phased array transducer (3V2c) and pulsed DTI

technique was used. The echocardiographic examinations were performed by three

experienced investigators.

Study III. Echocardiography was performed using an Acuson 128 XP Ultrasound

system (Acuson Co, Mountain View, CA, U.S.A) equipped with a 2.5-4.0 MHz

(V4c) transducer and Doppler Tissue Imaging (DTI) technology. The examinations

were performed with the subject lying in left lateral decubitus position and tracings

recorded at the end expiratory phase. All echocardiographic examinations were

performed by the same investigator.

Study IV and V. Two-dimensional and Doppler echocardiographic examinations

were performed simultaneously with cardiac catheterisation.  The patients were in

stable haemodynamic condition. The echocardiographic examinations were

performed with the subjects in the supine position. A commercially available

ultrasound system (HP, Sonos 5500, Andover, Mass. U.S.A) equipped with a multi

frequency phased array transducer (S4, 2-4 MHz and S3, 1-3 MHz) and pulsed DTI
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technology was used. One experienced investigator performed all the

echocardiograms.

In the Studies II, III, IV and V, a phonocardiogram was applied to detect the

pulmonary component of second heart sound (S2) to determine the end of systole.

2D/M-mode echocardiography

Two-dimensional echocardiograms from the parasternal short axis view were

obtained at the level of the aortic root and the RV outflow tract  level 4 was studied

(RVOT) (1). M-mode recordings of the RV outflow tract were obtained and

dimensions were measured at end diastole (onset of the q wave) and end systole (end

of T-wave) using endocardial leading edge methodology. Right ventricular outflow

tract fractional shortening (RVOT fs) was calculated as the percentage fall in RV

outflow tract diameter in systole with respect to that in diastole. Furthermore, from

the same position, the RV anterior free wall systolic motion and the end diastolic

wall thickness were measured. RV long axis function was recorded from the apical

4-chamber view with the M-mode cursor positioned at the free wall angle of the

tricuspid valve annulus. Systolic RV long axis amplitude was measured from end

systole (pulmonary component of S2) to end diastole (q wave). Furthermore, early

diastolic and late atrial amplitudes were also measured (67). From the same

transducer position RV end diastolic and systolic areas were manually measured and

the RV fractional area change (RV FAC) was calculated (Figure 2).
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Figure 2.  Right ventricular inflow tract (upper left) with normal long axis motion
(lower left). Right ventricular outflow tract (upper right) with normal fractional
shortening (lower right).

From M-mode echocardiography recordings, the following measurements were

made according to the recommendations of the American Society of

Echocardiography (68). The internal left ventricular (LV) end diastolic and end

systolic diameters, ventricular septal and posterior wall thickness at end diastole

were measured. Left ventricular fractional shortening was calculated as the fall in

systolic diameter divided by the end diastolic diameter. The LV volume was

measured and the ejection fraction was calculated using the modified Simpson’s rule

from the  apical four- and two-chamber views (69). The left atrial (LA) and right

atrial (RA) areas were traced manually and measured at end systole from the apical

four-chamber view.
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Doppler echocardiography

Mitral and tricuspid flow velocities were obtained from apical 4-chamber view, with

the sample volumes placed at the tips of the respective valve leaflets. The presence

of valvular regurgitation was determined by colour Doppler. Tricuspid peak

regurgitation velocities were recorded using the continuous wave Doppler technique

and the Bernoulli’s modified equation (∆P= 4V2) was used to estimate the right

ventricular - right atrial peak pressure gradient. The pulmonary artery flow velocity

was recorded from the parasternal short-axis view with the sample volume placed at

the central position of the valves. From the mitral- and tricuspid blood flow velocity

profiles, the following measurements were made partly according to the

recommendations of the American Society of Echocardiography (70):

1/ Peak early (E) and late (A) diastolic velocities and E/A ratio were calculated.

2/ E-wave deceleration time (E-DT).

3/ Isovolumic relaxation time (IVRt) was measured as the time interval from

pulmonary component of S2 to the onset of E-wave.

4/ The mitral and tricuspid filling time was measured as the time interval from the

onset of E-wave to the cessation of A-wave.

From the pulmonary artery flow we measured:

1/ The acceleration time (PACt) defined as the interval from onset to peak velocity.

2/ The pre-ejection period (PEP) was measured as the time from the onset of Q wave

from the ECG to the onset of ejection.

3/ The ejection time (EJt) was measured as the time between the onset to end of the

ejection flow. All measurements were obtained from three beats.
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Doppler tissue imaging

Myocardial systolic and diastolic velocities were recorded using the pulsed wave

DTI technique. Velocities were obtained from the apical 4-chamber view. The

sample volume was placed at the basal, mid segmental and apical level of the RV

free wall (71, 72).  Pulsed Doppler tissue imaging was used to measure myocardial

velocities and time intervals, as previously suggested  (55, 73).

From DTI recordings (Figure 3A and B), the following measurements were made:

1/ Peak isovolumic contraction velocity (IVCv).

2/ Peak systolic velocity (Sv).

3/ Peak early (Ev) and atrial (Av) diastolic velocities and the E/A ratio were

calculated.

4/ Isovolumic contraction time (IVCt), as the time interval from the end of atrial

(Av) to the onset of systolic flow (Sv) components.

5/ Ejection time (EJt) was measured from the onset of ejection to its end,

6/ Isovolumic relaxation time (IVRt), as the time interval from pulmonary

component of S2 to the onset of early diastolic velocity (Ev). The measurements

were taken from three beats.
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Figure 3A. Myocardial velocities and timings from Doppler tissue imaging.
Ev=early diastolic velocity; Av= atrial velocity; IVCv= isovolumic contraction
velocity; Sv= systolic velocity during the ejection phase; IVCt= isovolumic
contraction time, time interval between 1 and 2; EJt= ejection time, time interval
between 2 and 3; IVRt= isovolumic relaxation time, time interval between 3 and 4.

1 2
3 4

Ev

Av

Sv

IVCv

EJt IVRtIVCt



32

Figure 3B. Schematic presentation of the relation between Doppler tissue imaging tracings and
invasive pressure. Myocardial velocities and timings from Doppler tissue imaging; Ev= early
diastolic velocity; Av= atrial velocity; IVCv= isovolumic contraction velocity; Sv= systolic
velocity during the ejection phase; IVCt= isovolumic contraction time; EJt= ejection time;
IVRt= isovolumic relaxation time.
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Cardiac catheterisation

One experienced investigator performed all the cardiac catheterizations. Briefly, a

balloon catheter was inserted through the right internal jugular vein or right brachial

vein (Becton Dickinson Criticath SP 5107 HTD catheter). Pressures were registered

with a Cathcor® system 3.3 (Siemens Elema AB, Electro-medical systems divisions,

Solna, Sweden). Pressure in the studies was taken at pulmonary artery, right

ventricle and right atrium.

Statistics

All data analysis was performed using the Statistical Package for Social Sciences

(SPSS 10.1 and 11.5, SPSS Inc., Chicago, Illinois, USA). All data are presented as

mean ±SD. Pearson’s correlation and linear regression analyses were performed to

display certain relationships. Student’s paired t-test was used to compare values

within groups whereas unpaired Student’s t-test was used to compare two groups.

Mann-Whitney non parametric test was used when appropriate. Stepwise multiple

regression analysis was performed to assess the influence of age, systolic and

diastolic blood pressure, body surface area and heart rate on RV diastolic function in

healthy subjects. A p-value less the 0.05 was considered as significant

Reproducibility of the measurements

Reproducibility of data that were analysed by repeating measurements by the same

investigator (intra-observer) and independently by a second investigator (inter-

observer) from 10 consecutive tracings, Studies II, III, IV and V. The measurements

were done from MO discs copied to an ultrasound machine. In Study I 13 paper

printouts were randomly selected for analysing inter-and intra-observer variability.

Furthermore, in study I we investigated the beat to beat variability within 20 minutes

by two different investigators. Variability was expressed as the coefficient of

variation (CV) which is calculated as standard deviation of the difference from 2

observers divided by mean value from the same two observations, expressed as

percentage.



34

RESULTS

Right ventricular inflow and outflow tract systolic function in pulmonary

hypertension

Whereas the longitudinal systolic free wall motion showed no relationship to the

pulmonary artery pressure, the fractional shortening at the outflow tract were

significantly correlating to the pulmonary artery systolic pressure (Studies I and V).

In patients with different cardiac diseases, the tricuspid regurgitation estimated RV-

RA pressure gradient was elevated and the RVOTfs, the long axis amplitude and the

pulmonary acceleration time were all decreased compared to the healthy controls.

The RVOTfs correlated positively with RV long axis amplitude (r= 0.66, p< 0.001),

PA acceleration time (r= 0.80, p< 0.001) and inversely with the tricuspid

regurgitation estimated RV-RA pressure gradient (r= -0.53, p< 0.001).

Importantly, in patients with elevated RV-RA pressure drop (> 35 mmHg) RVOTfs

was reduced and PA acceleration time was shorter compared to patients while the

RV systolic long axis amplitude was not different (Table 2) (Figure 4).

Table 2 . Right ventricular systolic function and pulmonary  
artery pressures  
 

TR ∆P

 

≤ 35 mm Hg

 

TR ∆P

 
> 35 mm Hg  

RVOT fs (%)  43± 18 26± 10 * 
RVLX ( mm)  18± 7 15± 7 ns  
PACt 104±31  66±15 * 

RVOTfs= right ventricular outflow -tract  fractional shortening;  
RVLX = right ventricular long axis excursion; TR =  tricuspid  
regurgitation;RV=  right ventricle; RA=  right atrium;  
PACt = pulmonary artery acceleration time. *p<0.001;  
ns=not significant;  
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Figure 4. (A) RVOT fs (21 %) from a patient with severe heart failure. (B) RVOT fs

(8%) from a patient with acute pulmonary embolism.

After evaluating RVOTfs and simultaneously obtained invasive pulmonary artery

pressures, (Study IV) RVOT fs correlated inversely with pulmonary artery systolic

pressures (PASP) ( r= -0.47, p< 0.05) whereas RV fractional area change (RVFAC)

and RV systolic long axis amplitude did not.

In this study thirteen recordings were randomly selected for offline analysing of

intra- and inter-observer variability. Furthermore, another 13 registrations obtained

within approximately 20 minutes by two different observers to determine beat-to-

beat inter-observer variation.  Intra-inter and beat-to-beat variability of RVOTfs

varied from 15 to 19 %.

Right heart function in healthy subjects

Regional myocardial function assessed with Doppler tissue imaging.

Recordings of the RV free wall function were measurable in 98% of the subjects

from the basal level, in 79% at the mid cavity level but only in 44% at the apical

level. Isovolumic contraction velocities were 27% higher at the base compared to

the apical level and the systolic myocardial velocities were 38% higher at the basal

RVOTd RVOT
s

A B
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level than at the apical level. The same pattern was found in the diastolic velocities.

RV systolic and diastolic velocities were not different between the basal and mid

cavity levels but apical E/A ratio was significantly higher compared to the basal one.

The isovolumic contraction and relaxation time intervals were significantly longer at

both the mid cavity and the apical level compared to the basal level. Inversely,

ejection time was found to decrease from the basal to the apical level. Reference

values for segmental pulsed Doppler imaging peak velocities and time intervals are

presented in Tables 3 and 4.

Table 3. Regional myocardial velocities and time intervals in 255 healthy subjects
from UGPHS.

IVCv= isovolumic contraction velocity; Sv= systolic velocity; Ev= early diastolic
velocity; Av= atrial velocity, IVRt= isovolumic relaxation time; IVCt= isovolumic
contraction time; EJt= ejection time; P-value ∗  < 0.001; †< 0.01; ‡ < 0.05, all
compared to the base.

 Basal Mid Apical 
 Mean±SD Mean±SD Mean±SD 
IVCv, cm/s 15.1±6.1 15.5±6.0 11.0±4.4∗  
Sv, cm/s 15.2±2.8 14.5±2.6 9.3±2.6∗  
Ev, cm/s 14.5±3.5 14.1±3.7 10.8±2.8∗  
Av, cm/s 16.2±3.1 16.6±5.5 10.9±2.9∗  
E/A 0.97±0.37 0.94±0.39 1.27±0.93† 
IVRt, ms 53±28 58±38‡ 99±47∗  

   IVCt, ms 91±26 100±30∗  114±36∗  
EJt, ms 263±35 259±38 220±51∗  
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Table 4. Regional myocardial velocities and their time intervals in different
ages.

Young

(20-39, n=80)

Middle aged

(40-59, n=80)

Elderly

(60-79,n=75)

Old

(>80,n=20)

Mean±SD Mean±SD Mean±SD Mean±SD

Basal

IVCv, cm/s 12.3±4.0 15.1±4.8‡ 17.7±7.9† 15.2±4.6

Sv, cm/s 15.5±2.6 14.9±2.7 15.4±3.2 14.9±2.0

Ev, cm/s 16.1±3.1 14.6±3.2† 13.0±3.5∗ 12.1±2.9∗

Av, cm/s 13.4±3.9 15.8±3.9† 18.9±5.6∗ 20.0±4.7∗

E/A 1.3±0.4 1.0±0.2∗ 0.7± 0.2∗ 0.6±0.1∗

IVRt, ms 53±26 51±28 55±29‡ 54±25

IVCt, ms 90±22 88±21 91±28 112±39‡

EJt, ms 260±31 262±34 269±38 267±38

Mid

IVCv, cm/s 12.7±4.2 16.7±6.2‡ 17.4±7.0† 14.7±2.4

Sv, cm/s 13.6±2.6 12.2±2.6† 13.4±3.3 13.2±3.2

Ev, cm/s 15.8±3.2 14.0±3.9† 13.0±3.4∗ 11.9±2.2∗

Av, cm/s 13.2±3.4 16.9±5.1∗ 19.2±6.2∗ 21.4±3.5∗

E/A 1.3±0.4 0.9±0.3∗ 0.7±0.2∗ 0.6±0.1∗

IVRt, ms 52±37 53±34 69±42 62±33

IVCt, ms 98±25 101±29 98±29 125±54

EJt, ms 263±29 254±44 258±42 269±31

Apical

IVCv,cm/s 10.6±5.2 12.4±3.4 11.9±3.9 11.0±09

Sv, cm/s 9.7±2.6 8.7±1.8 9.0±2.5 9.8±4.0

Ev, cm/s 12.0±2.9 10.7±2.3 9.8±2.5† 9.8±2.8

Av, cm/s 8.8±2.7 10.0±3.7 11.9±3.7∗ 11.4±2.3‡

E/A 1.4±0.4 1.6±1.8 0.90.±0.4∗ 0.9±0.6‡

IVRt, ms 94±44 97±51 107±48 97±50

IVCt, ms 120±33 121±33 102±36 106±52

EJt, ms 217±49 231±31 215±56 245±69

IVCv= isovolumic contraction velocity; Sv= systolic velocity; Ev= early diastolic velocity; Av= atrial
velocity, IVRt= isovolumic relaxation time; IVCt= isovolumic contraction time; EJt = ejection time; P-value
; ∗ < 0.001 ;†< 0.01; ‡ < 0.05, all compared with the young group.
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Regional and global RV function and age in healthy subjects

By using pulsed Doppler tissue imaging, right ventricular peak systolic velocity,

isovolumic contraction time and ejection time were not related to age in any of the

segments. However, age was correlated to the diastolic myocardial velocities,

inversely with Ev and directly with Av at all three levels. E/A ratio was therefore

negatively correlated with age at all levels, again with the strongest relationship at

the basal and mid cavity levels. Regional IVRt did not correlate with age in any

segment of the RV, but IVCv at basal and mid cavity segment weakly increased

with age (r= 0.34 and r= 0.30 respectively, p< 0.01). When traditional pulsed

Doppler technique was used, the tricuspid peak early diastolic velocities fell whereas

the peak atrial velocities, early diastolic deceleration time and isovolumic relaxation

time increased with age. The E/A ratios were reduced with increasing age (Table 5).

Table 5. Global diastolic RV function and age

Mean±SD Range r P-value
E, cm/s 43±11 21-93 -0.39 < 0.001
A, cm/s 31±10 8-71 0.35 < 0.001
E/A ratio 1.53±0.80 0.62-4.29 -0.57 < 0.001
E-DT, ms 187±58 72-380 0.38 < 0.001
RV-RA ∆P, mm Hg 22±6 7-44 0.29 < 0.001
IVRt, ms 31±16 5-90 0.29 < 0.001

E= early diastolic velocity; A= atrial velocity, E-DT= early diastolic deceleration
time; IVRt= isovolumic relaxation time RV= right ventricle; RA= right atrium; ∆P=
pressure gradient.

Relationship between regional and global RV diastolic function

Early diastolic RV myocardial velocities at the basal and mid-ventricular level

correlated weakly with tricuspid E-wave velocity. Late atrial myocardial velocity at

the base (r= 0.32, p< 0.001), the mid (r= 0.25, p< 0.001) and apical level (r= 0.20,

p< 0.05), all correlated with the corresponding tricuspid flow A-velocity.

Myocardial E/A ratio and IVRt at the basal level (r= 0.58, p< 0.001, r= 0.25, p< 0.05

respectively) and mid cavity level (r= 0.46 and r= 0.23, p< 0.001 for both) correlated

with the corresponding tricuspid flow measurements.
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Regional myocardial systolic and diastolic relations

The IVCv significantly correlated with its corresponding Av at all three levels of the

RV free wall, basal (r= 0.74, p< 0.001), mid (r= 0.58, p< 0.001) and apical level (r=

0.47, p< 0.001) (Figure 5).
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Figure 5. The relationship between the isovolumic contraction velocity (IVCv) and
the atrial contraction velocity (Av) at the basal level of RV.

Reproducibility of the measurements

The inter- and intraobserver variability, expressed as coefficient of variation, was

within the interval of 7-12% for tricuspid flow measurements and 4-21% for DTI

measurements.
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Right heart function in systemic sclerosis

Contrary to previous reports, (74, 75) we did not find differences in LV dimensions,

LV wall thickness, LV systolic or diastolic function in patients with SSc compared

to controls. Right ventricular systolic function was not abnormal, regardless whether

it was determined from M-mode, conventional Doppler or DTI recordings.

However, the pulmonary artery acceleration time was reduced among the patients

(119±34 vs. 141±29 ms, p< 0.05).

The disturbances were found due to the RV diastolic function (Table 6), as right

ventricular IVRt, global (64±23 vs. 39±13 ms, p< 0.001) and regional (83±40 vs.

46±24 ms, p< 0.001), were prolonged (Figures 6A and B)   whereas RV global E/A

ratio was reduced (1.2±0.4 vs.1.7±0.6, p< 0.01). These diastolic abnormalities were

still significant despite adjustments for heart rate, which was increased among

patients. Right atrial end systolic area (15.9±3.7 vs. 13.0±2.3 cm2, p< 0.01) and RV

outflow tract wall thickness were also increased among patients. (5.8±1.7 vs.

3.7±1.1 mm, p< 0.001)
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Table 6. Right ventricular diastolic function in patients with systemic
 sclerosis

Controls

(n=25)

 SSc

(n=26)

p value

Conventional Doppler Measurements

(Global Function)

TF RR (ms) 949±126 870±141 < 0.05

TF filling time (ms) 548±104 454±122 < 0.01

TF filling time/RR (%) 58±7 52±7 < 0.01

IVRT (ms) 39±13 64±23 < 0.001

IVRT/RR (%) 4.2±1.7 7.5±2.8 < 0.001

E-velocity (cm/s) 40.2±9.8 41.9±11.6 0.58

A-velocity (cm/s) 25.9±7.5 36.0±12.7 < 0.001

E/A ratio 1.7±0.6 1.2±0.4 < 0.01

Deceleration time (ms) 187±60 188±52 0.96

Doppler Tissue Imaging (Regional Function)

RV RR (ms) 941±127 871±117 < 0.05

E-velocity (cm/s) 12.9±4.8 12.1±3.2 0.52

A-velocity (cm/s) 13.9±5.0 15.0±3,9 0.43

E/A ratio 1.0±0.6 0.9±0.6 0.41

IVRT (ms) 46±24 83±40 < 0.001

IVRT/RR (%) 5.0±2.7 9.6±4.4 < 0.001

Velocities in cm/s. E= early diastolic velocity; A= late atrial diastolic velocity; TF=
tricuspid flow; RV= right ventricle, RR= R-R time interval; IVRT= isovolumic
relaxation time, E/A= early diastolic to atrial component velocity ratio.
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Figure 6. (A) DTI recordings from the RV free wall in a healthy subject. (B) DTI
recordings from the RV free wall in a patient with SSc. Note the in-coordinated and
prolonged wall motion during the isovolumic relaxations phase (IVRt) in the SSc
patient (B).

The extent of RV diastolic dysfunction was not related to the duration of the disease,

the SSc skin score or influenced by medication such as beta-blockers and/or ACE

inhibitors. Furthermore, age, blood pressure, creatinine clearance, height, weight and

body surface area did not differ between patients and controls. Thirteen (59%) of the

patients (2 with diffuse, 3 with MCTD and 8 with limited type) had a diffusion

capacity of carbon monoxide (DLCO) below 80% of the predicted value. Six of the

patients showed signs of fibrosis from the high resolution computed tomography

(HRCT) scans. (76) One had ground glass confined to lower  parts of both lung

lobes, one had reticular pattern fibrosis with mild honeycombing in the lower parts

of both lower lung lobes, three had fibrosis in the lower parts of both lower lung

lobes and one reticular  pattern fibrosis at lower parts of both lower lung lobes.

Inter- and intraobserver variability

Parameters which differed significantly between patients and controls were

controlled for their inter- and intra-observer variability. Ten randomly selected

tracings were analyzed independently by two different observers and by the same

observer on two different occasions. The coefficient of variation varied between 3%

A

RV IVRT=156 ms

B

RV IVRT= 0
ms.

ICVv

IVRT

ICVT Ev
Av

Sv
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and 14% for intra-observer variability and between 3% and 15% for inter- observer

variability.

Right heart function in pulmonary hypertension

In Study III we found that IVRt was prolonged in patients with SSc and therefore

suggested that it could be caused by an intermittent pulmonary hypertension due to

Raynaud’s disease in the pulmonary arteries. We therefore evaluated the IVRt from

DTI with simultaneous invasive pressures. A significant correlation was found

between PASP and regional DTI IVRt at mid cavity level (r= 0.52, p< 0.05) which

was improved at both base and mid cavity levels after correcting for heart rate,

IVRt/RR% (r= 0.42,p< 0.05 and 0.71, p< 0.01,respectively). When only including

patients with right atrial pressures < 8 mm Hg  higher correlation coefficients were

seen to myocardial basal IVRt/RR% (r= 0.65, p< 0.05) and mid cavity (r= 0.76, p<

0.01).  Furthermore, when only patients with normal right atrial pressures (< 7 mm

Hg) were taken into account the correlation further improved at both segments (r=

0.74, p< 0.05, r= 0.83,p< 0.01, Figure 7) RV-RA peak pressure gradient was highly

significant correlated to PASP (r= 0.90, p< 0.001). However despite the catheter

placement through the tricuspid valves the RV-RA peak pressure gradient was only

detectable in 19 cases (73 %) while DTI derived IVRt at both segments was

measured in almost all patients (96 %)
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 Figure 7. Relationship between DTI derived IVRt/RR (%) for the right ventricle

and pulmonary artery systolic pressures in patients with normal right atrial

pressures (<7 mm Hg).

Reproducibility of IVRt

Inter- and intraobserver variability in IVRt measurements were tested by repeated

measurements in 10 consecutive tracings. Variability is expressed as the coefficient

of variation. The inter- and intraobserver variability of DTI IVRt was 12.2% for

both.

Right ventricular isovolumic contraction velocity and right ventricular

contractility

Previous studies have shown that the wall motion during IVC is influenced by the

state of contractility (77). We therefore tested the relation between peak myocardial

IVCv and dP/dt/P max.  In all patients, a significant relationship was found between

dP/dt/Pmax and IVCv at mid cavity level of the right ventricular free wall (r= 0.59,
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p< 0.01). Furthermore, when only patients with atrial pressure < 8 mm Hg were

taken into account, the relationship at both basal and mid segmental levels were

strengthened (r= 0.69, p< 0.01 and r= 0.77, p< 0.001, Figure 8). We found no

relationship between RV systolic long axis motion, right ventricular area change,

right ventricular outflow tract fractional shortening or Sv at any segment to

dP/dt/Pmax ,  neither in total group nor in the subgroup with atrial pressure < 8 m Hg.

The IVCv at basal and mid segmental level did not correlate with pulmonary artery

systolic pressure or pulmonary artery resistance, right ventricular end diastolic

dimension or heart rate.

Figure 8. The relationship between IVCv and RV state of contractility

Right ventricular isovolumic contraction velocity and right ventricular filling

pressures

Isovolumic contraction velocities measured at base and mid cavity level correlated

inversely with right ventricular end diastolic pressure (r= -0.47 and
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r=-0.49, p< 0.05, for both,). We also found a negative relation between right atrial

mean pressure (RAMP) and IVCv at both segments (r=-0.62 and -0.54, p< 0.01, for

both, Fig 9). On the basis of the correlation between isovolumic contraction velocity

at basal segment and right atrial mean pressure, we tested the sensitivity and

specificity of a cut off value below 6 cm/s indicating an increased right atrial

pressure (>6mm Hg). The sensitivity and specificity was 100% and 78%,

respectively.

   Figure 9. The relation between IVCv and RAMP in patients.
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GENERAL DISCUSSION

Recent reports have shown the importance of preserved right ventricular function as

it might determine the exercise capacity and be of prognostic importance in heart

failure (78, 79) and pulmonary hypertension (80-82). Furthermore, in myocardial

infarction, involvement of the RV predicts the outcome (83). Consequently, a

reduced right ventricular function is a powerful predictor for an adverse outcome in

different cardiopulmonary diseases (84) and accurate echocardiographic methods in

its assessment are important to explore.

A major limitation in the assessment of the RV function relates to the regional,

anatomical and functional complexities (42). Therefore, applicable methods by

echocardiography that are suitable in clinical situations are lacking. In the

assessment of cardiac function, it is important to be aware of the anatomical and

functional principles. This correlates with the words of Sir Arthur Keith in 1918

(85).

“No physiological thinking can be true unless it gives a complete and final

explanation of all point of structure”.

However, although being a helpful tool in clinical practice, echocardiography alone

cannot explain all these points of structure.

The fibre architecture of the left and right ventricles are different (4, 86).

Circumferential or spiral fibres compose the predominant muscle layer for the left

ventricle and but also longitudinally directed fibres are in the subendocardial and

supepicardial layers. In the right ventricle the fibre construction is different. At the

infundibulum or outflow tract, both the subepicardial and subendocardial fibres run

longitudinally. At the inflow tract, the subepicardial fibres run in a circumferential

or spiral motion whereas the subendocardial ones run longitudinally (Figure 10).
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Figure 10. Fibre architecture in the left and right ventricles from Greenbaum et
al. published in Br Heart J 1981;45:248-63. Reprinted with permission from
BMJ publishing group.

Buckberg et al (11) described the arrangement of cardiac fibres in terms of two

different myocardial muscle bands where the first is designated as the basal loop and

second one as the apical loop. The basal loop is running in a transverse or

circumferential motion of the ventricles and perpendicular to the long axis motion

which is related to the apical loop. These two loops are being responsible for four

cardiac motions including:

 (I) Narrowing and (II) shortening, composing the systolic function, and (III)

lengthening and (IV) widening composing the diastolic function. As result of

contraction of the basal loop, which reflects the stiff outer shell, (ie. pericardium) it

compresses the apical loop. The narrowing movement follows a sequential

contraction of the right and left segments of the basal loop. Contraction of the right

segment occurs first and is followed by contraction of the left segment. The

contraction of the basal loop occurs during the isovolumic contraction phase. The
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next motion, which involves the apical loop, is a downward twisting of the

descending segment that ejects the ventricles. Later, an untwisting of the ascending

segment relates to early diastole and finally widening of the cavity, that is related to

diastasis and atrial contraction (11, 87, 88) (Figure 11).
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Figure 11.  Motion of the four segments and their time events. The motion during
pre-ejection phase and late diastole representing narrowing and widening of basal
loop. Reprinted from, Seminars in thoracic and cardiovascular surgery, Vol 13, No
4, Torrent-Guasp et al. The structure and function of the helical heart and its buttress
wrapping. I The normal macroscopic structure of the heart. Copyright © 2001 by
W.B Saunders Company. With permission from Elsevier.
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The combination of longitudinal, oblique or radial and circumferential cardiac

motion might be compared to wringing a wet scrubbing mop (Figure 12).

       

Figure 12. Cardiac function visualized as a squeezed mop.

Studies of the right ventricle have shown that under normal conditions the RV free

wall of the inflow tract moves towards the common septum during emptying of the

ventricle and the systolic wall motion at the outflow tract  fulfils the emptying of the

ventricle (2, 42).  This complexity makes the assessment cumbersome, and

volumetric calculation from different geometric planes become time-consuming and

rely on mathematical models, being less suitable in clinical practice. Therefore

absolute values in the assessments were considered preferable in the present studies.

Most of the studies on RV function have regarded the ventricle as a single anatomic

and functional unit, ie. the inflow tract (43, 83, 89). However, the outflow tract or

infundibulum has attracted recent attention and its role is now being discussed (6).

In 1924 Sir Arthur Keith described the cavity of the infundibulum and summarised

that its role was to serve as a protection for the pulmonary circulation during RV
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pressure rise in systole (7). Similar theories have more recently been presented (5,

90).  Furthermore, with elevated afterload conditions it has been shown  that there

are differences in function in which the outflow tract is more affected than the

inflow tract (91, 92). We were able to confirm these observations by using regional

assessment with simple M-mode echocardiography (Studies I and V). However,  the

relation between RV systolic function and pulmonary artery pressures is relatively

weak and the systolic RV long axis systolic function may even increase in PHT (93).

The ageing right heart in a healthy population

The elderly population in western countries is increasing rapidly and it is estimated

that by 2025 nearly one third will be 60 years or older (94). Increasing age is related

to an increased risk of cardiovascular diseases and changes in the cardiovascular

system in normal ageing are similar to some of the patho-physiological ones (95).

Left ventricular hypertrophy, heart failure and atrial fibrillation increase

dramatically with age (61) and it has been proposed that signs of  heart failure with

presence of normal ejection fraction may occur in about one-third of patients,

proposed as being a result of “isolated” diastolic dysfunction. However, the true

prevalence of diastolic dysfunction is uncertain with regard to the patient selection

and to the diagnostic criteria (96). Furthermore, “diastolic dysfunction” seems to be

more common in females and the reason remains  unknown (97).

How much an orthodox echocardiography examination of diastolic ventricular

function contributes to understanding the clinical syndrome of diastolic heart failure

has been extensively discussed (98), and alternative diagnosis for the signs of heart

failure can be obesity, pulmonary disease and coronary artery disease (99).

As a result of increasing interest of right heart function, several studies have shown

increasing age changes the right heart function, similar to the changes on the left

heart side. This has not only been shown by measuring the global function from

tricuspid flow with traditional pulsed Doppler but also within the myocardium with

pulsed or colour Doppler tissue imaging. (100-104). Most of these studies

investigated small samples recruited on an ad-hoc basis.  Our results were taken

from a large healthy population that was equally distributed for both age and gender.
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Compared to these studies, our results are in general in agreement with these but we

could not show changes in the myocardial isovolumic time intervals, isovolumic

relaxation (IVRt) and contraction (IVCt) time. Furthermore, we investigated the

velocity of isovolumic contraction (IVCv), which was slightly increased with

advanced age and also found it to be related to myocardial atrial contraction. Both

these two parameters have recently been proposed to be sensitive markers early in

the dyskinetic myocardium due to ischemia (105). Disturbances in these parameters

have been seen in hypertrophic cardiomyopathy (106), cardiac amyloidosis (107),

coronary artery disease (108), and pulmonary hypertension (109). Absence of

influence of age influence on isovolumic periods by using Doppler tissue imaging,

improves the interpretation in the assessment of RV dysfunction. Furthermore, DTI

measurements of isovolumic events are well reproducible and useful in most of the

patients.

Systemic and pulmonary artery pressure in the healthy population

WHO has proclaimed that 140/90 mm Hg is being the upper level for blood pressure

and every patient identified having a blood pressure above that level should

therefore be proposed as hypertensive. Larger studies have also shown that mild to

moderate elevation of the systolic blood pressure are likely to develop clinical

disease. (110)

However a causal value of more than 160/90 mm Hg was chosen as an level for

exclusion. It is known that increasing age is associated to a greater extent, by central

conduit vessel stiffness and therefore increasing systolic blood pressure whereas the

diastolic pressure decreases after 50 years of age (95).

In our study we found elevated systolic and diastolic artery pressures in 23 subjects.

A similar trend was also found for the PASP (Study  II) which has previously been

described (111, 112) and a PASP up to 40 mm Hg in the very elderly could be

considered being normal (113). In our study one healthy control had a PASP above

40 mm Hg (83 years old women with PASP = 42 mm Hg).

As the healthy subjects were carefully selected from the population and none

complained of any cardiovascular related dysfunction or were on medication for any
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cardiovascular disease, we decided to exclude these with blood pressure above

160/90 mm Hg.  However, none was excluded because of the PASP.

Right heart function in patients with systemic sclerosis

Pulmonary involvement is commonly seen in systemic sclerosis (SSc) and

pulmonary hypertension (PHT) being one of the leading causes of death, especially

in the limited type (64). Development of new and potent drugs has therefore

increased the interest of pharmacological treatment. However, early detection of

cardiopulmonary involvement in PHT is important for optimizing  patient treatment

and evaluating follow up results (114).

Doppler echocardiography allows non-invasively estimation of systolic pulmonary

artery pressure from the peak tricuspid regurgitation drop gradient (45). Reports in

the literature suggest that this method is appropriate in 60-86% of the patients (115),

and may be improved by using contrast (116). In clinical practice, the quality of

signal generation and determination of peak velocity is difficult, especially in

patients with mild to moderate PHT. It must also be remembered that Doppler

echocardiography is reported to underestimate the real pulmonary pressure when

obtained from a single measurement of tricuspid regurgitation peak gradient (117,

118). Data from our study in patients with SSc relate to an estimation of pulmonary

artery systolic pressure (PASP) obtained from one single measurement at rest, which

could also be a reason for an error, as  single measurement and exercise have been

found to influence estimations of pulmonary pressure (118). We were not able to see

any difference in the tricuspid regurgitation peak gradient compared to controls. On

the other hand, we could demonstrate that while LV and RV systolic functions were

preserved, the RV diastolic function was disturbed. This was evidenced by disturbed

relaxation and abnormal filling properties together with RV hypertrophy and right

atrial dilatation. One of the important findings was the significant prolongation of

the isovolumic relaxation time (IVRt).  We suggest that these abnormal findings

could be related to mild or intermittent pulmonary hypertension.
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Right ventricular relaxation

The abnormal findings in the studies on patients with systemic sclerosis were related

to the RV diastolic function. Therefore a clear understanding of its physiology and

patho-physiology is important. As previously described, diastolic dysfunction is

being increasingly accepted as a cause of exercise limitation and clinical signs of

heart failure, whether or not ejection fraction is normal.  In patients with normal

ejection fraction the prevalence is by far more common in females, the reason being

unknown (97, 119).

However, despite a rapid increase in the technique improvement, echocardiography

is still limited in demonstrating clearly the events of relaxation. Brutsaert et al (120),

have extensively  described the aspects of ventricular relaxation.

Relaxation is part of pre-contracted properties and essentially four (contractile)

proteins are involved in the contraction-relaxation cycle, ie. myosin, actin, troponin

and tropomyosin. Furthermore, essential for relaxation is the re-uptake of calcium

by sarcoplasmic reticulum. Relaxation of the right ventricle as a muscle pump can

be defined as the events after the pulmonary valve closure that lead to restoration of

a pre-contractile state.

Torrent- Guasp and co-workers proposed that ejection and suction are derived from

an apical loop contracting first in a descendent segment (ejection) with opposite

rotations at base and apex causing a torsion of the ventricle (10). Studies using MRI

have shown that the untwisting of the heart takes place during isovolumic relaxation

with counter clockwise rotation at base and clockwise at apex (121).

Prolongation of IVRt has been observed in patients with aortic stenosis and

hypertrophy and hibernating myocardium (122, 123).

We used the definition of the cardiac cycle in its different phases as proposed by

Wiggers in 1921 (124), and stated that the phases of isovolumic contraction being

part of systole and isovolumic relaxation  as part of diastole. Two phases, during

pressure rise and fall at closed valves that prepares for both ejection and filling of

the ventricle. However, diastolic function is a complex interplay of numerous

components, including not only relaxation but also viscoelastic forces, pericardial

re-strain, ventricular interaction and atrial contribution (125). The onset of

isovolumic relaxation time (IVRt), as defined by Wiggers, is the aortic valve closure
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which can readily be determined by echocardiography from the artefact of aortic

valve closure. However, this approach is not applicable for the assessment of global

right ventricular filling for obvious reasons. Therefore, the use of detecting valve

closure from the pulmonary component of the second heart sound is preferable. In

the normal left ventricle IVRt increases with age, both globally and regionally (126).

In Paper II we found a weak prolongation in IVRt measured from tricuspid flow as

a measure of global function but no change in the regional (DTI) IVRt.

The difference between the left and right ventricular relaxation properties that

occurs with increasing age may be explained by the difference in loading during

relaxation and amount of muscle tissue that may undergo fibrosis, as both are known

to occur in the elderly heart (120).

As IVRt is sensitive to heart rate a simplified correction to the R-R time interval

may limit this error.  In healthy subjects IVRt indexed for the R-R time interval was

approximately 6% (5.8±3% for base and 6.3±4 % for the mid segment of the RV). In

patients with SSc we found IVRt/RR to be 9.6±4.4% using DTI at basal segment

and 7.5±2.8 using pulsed Doppler trans-tricuspid flow.

From the results of Study IV we showed the relationship between DTI derived

IVRt/RR% and PASP. From these linear regression equations an IVRt/RR of more

than 10% at the base or 12% at the mid segment of the RV free wall could be

proposed to correspond to a PASP above 30 mm Hg or slightly elevated.

This relationship was previously reported in 1967 by Luis Burstin who suggested

that by measuring the time interval between pulmonary valve closure and the onset

of tricuspid flow (IVRt),  from phonocardiogram and external pulse curves, closely

correlated to the PASP and presented a nomogram that included a correction for

heart rate (127). Fourteen years later, Hatle et al, using phonocardiogram and pulsed

Doppler flow velocities confirmed this observation (128).  Prolonged IVRt leads not

only to a reduced total RV filling time and early diastolic velocity, but also to

increased late diastolic velocity. This has been shown in hypertrophic

cardiomyopathy (106, 129), systemic arterial hypertension (130), RV infarction

(108), restrictive LV filling pattern (49), chronic obstructive lung disease and PHT

(131). Recently, pulsed DTI was used to distinguish subsets of patients affected by

lung disease with or without echocardiographic evidence of PHT (109).
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The duration of IVRt is determined by: (i) right atrial pressure which, in the absence

of tricuspid stenosis or insufficiency or right heart failure, remains normal; (ii) the

systolic pulmonary artery pressure which when raised, delays the opening of

tricuspid valves and proportionately prolongs IVRt; and (iii) heart rate which is

inversely related to the duration of IVRt (132). Increased right atrial pressures lead

to  premature opening of the tricuspid valve and thereby shortens the IVRt  (128).

We considered this in a sub group of patients in study IV by excluding those with

elevated right atrial pressures and by performing a simple correction for actual R-R

time intervals. Previous studies have shown that the measurement of RV IVRt may

not be appropriate in patients with arrhythmias (45). It is known that  bundle branch

block  influences IVRt (133), therefore patients with complete right bundle branch

block were excluded. In PHT, the rate of pressure fall is reduced and onset of RV

filling may occur more than 100 ms after closure of pulmonary valves. Therefore,

PHT causes a decline in RV tension (134). This decline can be observed with

several echocardiographic techniques, such as increased time between pulmonary

valve closure to tricuspid valve opening and prolongation of the tricuspid

regurgitation time. Protracted early relaxation can be assessed by M-mode, pulsed

Doppler from tricuspid flow and with pulsed DTI, where the onset of relaxation is

dependent on the pressure gradient across the tricuspid valve (Figure 13).
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Figure 13. Simultaneous superimposed pulsed Doppler tissue imaging, tricuspid
regurgitation and RV long axis motion from M-mode echocardiography. The onset
of relaxation is dependent on the pressure gradient. In this figure the gradient
between RV and RA was 65 mm Hg and the onset of relaxation was found at the
time for atrial contraction. Note the impaired filling time.
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Contraction of the right ventricle

As prolonged IVRt seems to be a sensitive marker for early diastolic disturbance,

which might be caused by an in-coordinated relaxation and contraction, the wall

motion during isovolumic contraction (IVC) might indicate pre-systolic disturbance.

Studies of the left ventricle have shown that the longitudinal motion precedes the

short axis motion during IVC phase leading to the ventricle becoming spherical.

This coordination may be altered in disease (135). By using tagged cine MRI,

studies have also shown that during IVC, overall ventricular rotation is counter-

clockwise. Later in systole, the basal segments change direction and rotate in a

clockwise direction, whereas the apical segments continues counter-clockwise (136).

Thus, rotation  or twisting occurs within the IVC phase  whereas most of the

untwisting take places during IVR (137)

Pre-ejection period (PEP) indexed to the ejection time (PEP/ET) as measured by

pulsed Doppler technique is a sensitive marker for LV dysfunction (138). As part of

the myocardial performance index (MPI) or Tei index, it has been shown to increase

in RV dysfunction (139), pulmonary hypertension (46) chronic heart failure and also

correlates with +dP/dt max. Furthermore, the index increases in infiltrative diseases

(107), and coronary artery disease (108).

The time interval IVC is also relatively insensitive to heart rate (140), and does not

alter with increasing age. By the use of Doppler tissue imaging, both isovolumic

timings as well as peak velocities during IVC are easily detectable and may be used

to measure the intrinsic systolic myocardial behaviour.  In Study V we were able to

demonstrate that IVCv, measured by pulsed DTI of the RV free wall, can estimate

the RV filling pressures. Not only that, but it can also determine the state of RV

contractility. IVCv may reflect changes in the intrinsic systolic work of the RV

myocardium due to changes in the pre-ejection pressure.

It is known that RV end diastolic pressures in health modestly increase with age,

particularly over 60 years (141).  However, if the RV end diastolic pressure further

rises, it leads to elevation of RA pressure, more severe tricuspid regurgitation and

increased stiffness of the ventricle. This may cause impairment of RV systolic

function, a physiological phenomenon which is  in agreement with the Frank-

Starling law (84, 98).
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From Study V, IVCv less than 6 cm/s may indicate elevated RAMP in patients with

different cardiac diseases with high sensitivity and specificity.

+dP/dtmax has been considered a measurement of myocardial contractility because its

maximum rate of pressure rise occurs before aortic and pulmonary valve opening.

The main limitation of +dP/dtmax is its pre-load dependency as well as being

influenced by cavity size and thickness index (142). Therefore, dP/dt/Pmax is

considered less sensitive to preload and a more reliable index for RV contractility

(142, 143).

In an animal study Vogel et al showed that IVC acceleration is a reliable

measurement of RV contractility and is relatively load independent (77). For

technical reasons, we found that the acceleration for IVC was not easy to measure

by pulsed DTI and we therefore decided to measure the peak velocity. Thus, in

Study V we found that peak IVCv was influenced by the contractile function,

measured at the base and mid cavity segments of the RV free wall. This relationship

was even stronger, when RA pressure was normal. Once again, this emphasizes that

atrial pressure is essential when assessing ventricular function. Finally, we could not

observe any correlation between IVCv to indices of pre- or afterload conditions.

Right ventricular long axis amplitude and right heart  function.

Kaul et al demonstrated that  the RV systolic ring motion towards apex, measured

by means of using 2D echocardiography, correlated to ejection fraction obtained

from radionuclide angiography (48). This relationship was recently confirmed by

measuring systolic velocities by DTI technique (50).  The same study reported a

weak but significant relationship between the systolic velocity and mean pulmonary

artery pressure. From our invasive data we could confirm this weak relationship.

The systolic long axis motion  has been shown to determine the prognosis in patients

with heart failure (144) and can therefore be proposed to be a late finding related

with an adverse outcome.
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The use of phonocardiogram

Today, it is well established that early disturbances in the myocardium occur

predominantly during the isovolumic phases, relaxation and/or contraction, and

therefore are sensitive markers of ventricular dysfunction (105). One complicating

factor in analysing these events is the great variation of velocities and profiles in

normal cardiac function (55, 73), which may be more difficult to measure in

different cardiac diseases (54, 71, 105, 145, 146). Therefore, it is important to

standardize the measurements (125). Phonocardiogram is a very important tool that

helps in determining cardiac cycle timing as it displays the time of the second heart

sound. Superimposed on M-mode and Doppler tracings it allows accurate

assessment of different phases during the cardiac cycle. A major disadvantage in

using the phonocardiogram is the limitation of availability.

Importantly, none of the ultrasound systems used in the present studies have been

reported to have any error due to time delays. (147).

Doppler Tissue versus conventional Doppler technique

The most common echocardiographic method for the assessment of the LV diastolic

function is by using mitral and pulmonary vein tracings from pulsed Doppler

technique (148). The diagnostic value of such Doppler derived indices is limited by

the strong influence of heart rate and loading conditions (125). Recently, regional

myocardial wall motion assessed by pulsed or colour Doppler tissue imaging (DTI)

have been used to assess ventricular function. Doppler tissue imaging analysis has

the potential to determine  the primary event of the myocardial velocity dynamics of

ventricular structural function (125). Unlike the conventional pulsed Doppler

technique, DTI is proposed relatively preload independent and the analysis can be

done regionally (57, 149).
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Comparing the two methods in healthy individuals shows a direct relationship

between the mitral flow and myocardial velocities (126, 150). However, this relation

may vary in different cardiac diseases (151).
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CONCLUSIONS

I. Right ventricular outflow tract fractional shortening is an easy, non-invasive and

directly applicable measurement of right ventricular function. It provides a measure

that can be used for assessment and follow up of patients who are prone to right

ventricular dysfunction. Although it only assesses systolic performance of the

outflow tract, it’s combination with long axis measurements and Doppler tissue

imaging analysis should provide a comprehensive evaluation of the RV function.

II. Age does not affect systolic RV function except for the free wall motion

velocities during the isovolumic contraction. The changes in RV function due to age

are related to the diastolic filling velocities, which mirror those of the left ventricle.

Basal and mid cavity segment RV systolic and diastolic functions are the main

determinants of the longitudinal behaviour of the inflow tract, again in parallel with

the respective segments of the left ventricle. Knowledge of these changes in regional

RV ventricular function and its change with increasing age is mandatory when

assessing patients.

III. In patients with SSc we found altered right ventricular diastolic function,

together with an increase in RV wall thickness and right atrial area. A primary

myocardial defect such as fibrosis or ischemia is a less likely explanation to the

findings since both are supposed to be more generalized phenomena and should

therefore also influence the LV function. Neither is pulmonary fibrosis a probable

cause as no relationship between degree of pulmonary fibrosis and RV diastolic

disturbances was found. The most probable cause is therefore mild or early

intermittent pulmonary hypertension. Assessment of RV diastolic function might,

early in the disease, identify patients at risk for developing progressive heart failure

which can be important in the clinical management and improve the prognosis.



64

IV. Isovolumic relaxation time, derived from RV myocardial free wall by using

DTI, is a new and easy method proposed being a additional measurement for

estimating the PASP. The advantage of the DTI method, compared to the peak

tricuspid regurgitation velocity measurement, is that DTI is more easily obtained.

V. Doppler tissue imaging in measuring the myocardial velocity during isovolumic

contraction phase is a reproducible and easily obtainable non-invasive parameter

that can estimate the state of RV contractility. Furthermore, IVCv can be useful in

detecting patients with elevated RV filling pressures.



65

ACKNOWLEDGEMENTS

This work would not have been possible without enormous support from

individuals, and collaboration between departments and institutions. It is therefore

with profound pleasure that I express my sincere thanks to the following:

Elsadig Kazzam, my supervisor. Many thanks for all the help and for introducing me

to the projects. Also thanks for always being available, despite sometimes being in

another part of the world.

Anders Waldenström, my co-supervisor. Thank you for your constructive criticism,

it really helped me a lot. Thank you for all the help making this book possible to

write.

Gerhard Wikström, co-author and the man who with great skill did the cardiac

catheterisations in Uppsala. Thanks for your generosity and for all the laughs in the

cath-lab.

Michael Henein, co-author,  thanks for introducing me into cardiac physiology and

patho-physiology.

Gunnar Sundström, ex. head of department of Clinical Physiology in Sundsvall.

Thank for all your support, you opened the doors for me and made me believe in

myself.

All the personnel at Clinical Physiology, Sundsvall, you are all still in my heart.  I’m

especially greatful to Jonas Appelberg, Dan Frank, Anna Beckman, Rolf Tegeback,

Lillian Degerlund and Astrid Fägerstrand.



66

All the staff at the research and development centre at Sundsvall, especially Hans

Malker. Thanks for giving me excellent opportunity to start up my research.

Stellan Mörner and Frederick Bukachi, my research colleges. Without your support,

criticism and fruitful discussions, this period in life would have been much more

boring.

All people at the Institution of Medicine, especially Kerstin Rosenqvist, Eva

Karlsson, Helena Moliis and Catrin Johansson.

Bert-Ove Olofsson, always open for scientific and also non scientific “chats”.

Brad Rodu, Eva-Lotta Glader and Maria Claesson, room mates in “the corridor”,

thanks for keeping the social life alive.

All the personell at Clinical Physiology, Umeå. I’m especially greatful to Christer

Backman, Kjell Karp, Ove Rinnström, Anna-Lisa Carlsson, Eva Karendal and

Elisabeth Lundström.

All the personal at Echo department at Clinical Physiology,Uppsala. Special thanks

to Kerstin Lejon, Ulla-Marie Andersson, Mona Andren, Karin Fägerbrink, Kjell

Karlström, Berit Lowen, Agneta Granbo, Elisabeth Lindström and Johan Landelius.

Thanks for skill full work at the cath-lab and always being helpful in arranging with

the echo machine.



67

..but most important

My Children, Arvid, Agnes & Alice

My Family

Stina & Claudia

The studies were supported by grants from The Swedish Heart & Lung Foundation,

Mid-Sweden Research and Development Centre, The Heart Foundation of Northern

Sweden. Philips Medical System, Sweden and Acuson Siemens, Sweden, thanks for

all support.



68

REFERENCES

1. Foale R, Nihoyannopoulos P, McKenna W, Kleinebenne A, Nadazdin A,

Rowland E, et al. Echocardiographic measurement of the normal adult right

ventricle. Br Heart J 1986;56(1):33-44.

2. Dell'Italia LJ. The right ventricle: anatomy, physiology, and clinical importance.

Curr Probl Cardiol 1991;16(10):653-720.

3. Grant R DFaMH. The Architecture of the Right Ventricular Outflow tract in the

Normal Human Heart and in the Presence of Ventricular Septal Defects.

Circulation 1961;XXIV:223-235.

4. Greenbaum RA, Ho SY, Gibson DG, Becker AE, Anderson RH. Left

ventricular fibre architecture in man. Br Heart J 1981;45(3):248-63.

5. Armour JA, Randall WC. Structural basis for cardiac function. Am J Physiol

1970;218(6):1517-23.

6. Gibson D. The Right Ventricular Infundibulum: Has it a Role? Eur J

Echocardiogr 2003;4(1):3.

7. Keith A. Fate of the bulbus cordis in the human heart. Lancet 1924:1267-1273.

8. Dell'Italia LJ, Santamore WP. Can indices of left ventricular function be applied

to the right ventricle? Prog Cardiovasc Dis 1998;40(4):309-24.

9. Rushmer RF TW. The mechanism of ventricular contraction: A

cinefluorographic study. Circulation 1951;4:219-228.

10. Torrent-Guasp F, Buckberg GD, Clemente C, Cox JL, Coghlan HC, Gharib M.

The structure and function of the helical heart and its buttress wrapping. I. The

normal macroscopic structure of the heart. Semin Thorac Cardiovasc Surg

2001;13(4):301-19.

11. Buckberg GD, Coghlan HC, Hoffman JI, Torrent-Guasp F. The structure and

function of the helical heart and its buttress wrapping. VII. Critical importance

of septum for right ventricular function. Semin Thorac Cardiovasc Surg

2001;13(4):402-16.

12. Kaul S. The interventricular septum in health and disease. Am Heart J

1986;112(3):568-81.



69

13. Klima U, Guerrero JL, Vlahakes GJ. Contribution of the interventricular septum

to maximal right ventricular function. Eur J Cardiothorac Surg 1998;14(3):250-

5.

14. Grose R, Strain J, Yipintosoi T. Right ventricular function in valvular heart

disease: relation to pulmonary artery pressure. J Am Coll Cardiol

1983;2(2):225-32.

15. Nagel E, Stuber M, Hess OM. Importance of the right ventricle in valvular heart

disease. Eur Heart J 1996;17(6):829-36.

16. Burgess MI, Bright-Thomas RJ, Ray SG. Echocardiographic evaluation of right

ventricular function. Eur J Echocardiogr 2002;3(4):252-62.

17. Yoshifuku S, Otsuji Y, Takasaki K, Yuge K, Kisanuki A, Toyonaga K, et al.

Pseudonormalized Doppler total ejection isovolume (Tei) index in patients with

right ventricular acute myocardial infarction. Am J Cardiol 2003;91(5):527-31.

18. Clyne CA, Alpert JS, Benotti JR. Interdependence of the left and right

ventricles in health and disease. Am Heart J 1989;117(6):1366-73.

19. Ribeiro A, Lindmarker P, Juhlin-Dannfelt A, Johnsson H, Jorfeldt L.

Echocardiography Doppler in pulmonary embolism: right ventricular

dysfunction as a predictor of mortality rate. Am Heart J 1997;134(3):479-87.

20. Ribeiro A, Lindmarker P, Johnsson H, Juhlin-Dannfelt A, Jorfeldt L. Pulmonary

embolism: a follow-up study of the relation between the degree of right

ventricle overload and the extent of perfusion defects. J Intern Med

1999;245(6):601-10.

21. Gomez A, Bialostozky D, Zajarias A, Santos E, Palomar A, Martinez ML, et al.

Right ventricular ischemia in patients with primary pulmonary hypertension. J

Am Coll Cardiol 2001;38(4):1137-42.

22. Goldstein JA. Right heart ischemia: pathophysiology, natural history, and

clinical management. Prog Cardiovasc Dis 1998;40(4):325-41.

23. Matthay RA, Berger HJ. Noninvasive assessment of right and left ventricular

function in acute and chronic respiratory failure. Crit Care Med 1983;11(5):329-

38.

24. Brent BN, Mahler D, Berger HJ, Matthay RA, Pytlik L, Zaret BL.

Augmentation of right ventricular performance in chronic obstructive



70

pulmonary disease by terbutaline: a combined radionuclide and hemodynamic

study. Am J Cardiol 1982;50(2):313-9.

25. Brent BN, Berger HJ, Matthay RA, Mahler D, Pytlik L, Zaret BL. Physiologic

correlates of right ventricular ejection fraction in chronic obstructive pulmonary

disease: a combined radionuclide and hemodynamic study. Am J Cardiol

1982;50(2):255-62.

26. Mahler DA, Brent BN, Loke J, Zaret BL, Matthay RA. Right ventricular

performance and central circulatory hemodynamics during upright exercise in

patients with chronic obstructive pulmonary disease. Am Rev Respir Dis

1984;130(5):722-9.

27. Florea VG, Florea ND, Sharma R, Coats AJ, Gibson DG, Hodson ME, et al.

Right ventricular dysfunction in adult severe cystic fibrosis. Chest

2000;118(4):1063-8.

28. Nakamura K, Miyahara Y, Ikeda S, Naito T. Assessment of right ventricular

diastolic function by pulsed Doppler echocardiography in chronic pulmonary

disease and pulmonary thromboembolism. Respiration 1995;62(5):237-43.

29. Baker BJ, Wilen MM, Boyd CM, Dinh H, Franciosa JA. Relation of right

ventricular ejection fraction to exercise capacity in chronic left ventricular

failure. Am J Cardiol 1984;54(6):596-9.

30. Mendes LA, Dec GW, Picard MH, Palacios IF, Newell J, Davidoff R. Right

ventricular dysfunction: an independent predictor of adverse outcome in

patients with myocarditis. Am Heart J 1994;128(2):301-7.

31. Ghio S, Gavazzi A, Campana C, Inserra C, Klersy C, Sebastiani R, et al.

Independent and additive prognostic value of right ventricular systolic function

and pulmonary artery pressure in patients with chronic heart failure. J Am Coll

Cardiol 2001;37(1):183-8.

32. Cohen M, Fuster V. What do we gain from the analysis of right ventricular

function? J Am Coll Cardiol 1984;3(4):1082-4.

33. Wranne B, Pinto FJ, Hammarstrom E, St Goar FG, Puryear J, Popp RL.

Abnormal right heart filling after cardiac surgery: time course and mechanisms.

Br Heart J 1991;66(6):435-42.



71

34. Carr-White GS, Kon M, Koh TW, Glennan S, Ferdinand FD, De Souza AC, et

al. Right ventricular function after pulmonary autograft replacement of the

aortic valve. Circulation 1999;100(19 Suppl):II36-41.

35. Santamore WP, Dell'Italia LJ. Ventricular interdependence: significant left

ventricular contributions to right ventricular systolic function. Prog Cardiovasc

Dis 1998;40(4):289-308.

36. Schulman DS. Assessment of the right ventricle with radionuclide techniques. J

Nucl Cardiol 1996;3(3):253-64.

37. Mathru M, Wolfkiel CJ, Jelnin V, Sullivan HJ, Blakeman B, Winters G, et al.

Measurement of right ventricular volume in human explanted hearts using

ultrafast cine computed tomography. Chest 1994;105(2):585-8.

38. Vasan RS, Levy D. Defining diastolic heart failure: a call for standardized

diagnostic criteria. Circulation 2000;101(17):2118-21.

39. Denslow S, Wiles HB. Right ventricular volumes revisited: a simple model and

simple formula for echocardiographic determination. J Am Soc Echocardiogr

1998;11(9):864-73.

40. Levine RA, Gibson TC, Aretz T, Gillam LD, Guyer DE, King ME, et al.

Echocardiographic measurement of right ventricular volume. Circulation

1984;69(3):497-505.

41. Forni G, Pozzoli M, Cannizzaro G, Traversi E, Calsamiglia G, Rossi D, et al.

Assessment of right ventricular function in patients with congestive heart failure

by echocardiographic automated boundary detection. Am J Cardiol

1996;78(11):1317-21.

42. Geva T, Powell AJ, Crawford EC, Chung T, Colan SD. Evaluation of regional

differences in right ventricular systolic function by acoustic quantification

echocardiography and cine magnetic resonance imaging. Circulation

1998;98(4):339-45.

43. Vignon P, Weinert L, Mor-Avi V, Spencer KT, Bednarz J, Lang RM.

Quantitative assessment of regional right ventricular function with color kinesis.

Am J Respir Crit Care Med 1999;159(6):1949-59.

44. Ommen SR, Nishimura RA, Hurrell DG, Klarich KW. Assessment of right

atrial pressure with 2-dimensional and Doppler echocardiography: a



72

simultaneous catheterization and echocardiographic study. Mayo Clin Proc

2000;75(1):24-9.

45. Chan KL, Currie PJ, Seward JB, Hagler DJ, Mair DD, Tajik AJ. Comparison of

three Doppler ultrasound methods in the prediction of pulmonary artery

pressure. J Am Coll Cardiol 1987;9(3):549-54.

46. Tei C, Dujardin KS, Hodge DO, Bailey KR, McGoon MD, Tajik AJ, et al.

Doppler echocardiographic index for assessment of global right ventricular

function. J Am Soc Echocardiogr 1996;9(6):838-47.

47. Hoffmann R, Hanrath P. Tricuspid annular velocity measurement. Simple and

accurate solution for a delicate problem? Eur Heart J 2001;22(4):280-2.

48. Kaul S, Tei C, Hopkins JM, Shah PM. Assessment of right ventricular function

using two-dimensional echocardiography. Am Heart J 1984;107(3):526-31.

49. Henein MY, O'Sullivan CA, Coats AJ, Gibson DG. Angiotensin-converting

enzyme (ACE) inhibitors revert abnormal right ventricular filling in patients

with restrictive left ventricular disease. J Am Coll Cardiol 1998;32(5):1187-93.

50. Meluzin J, Spinarova L, Bakala J, Toman J, Krejci J, Hude P, et al. Pulsed

Doppler tissue imaging of the velocity of tricuspid annular systolic motion; a

new, rapid, and non-invasive method of evaluating right ventricular systolic

function. Eur Heart J 2001;22(4):340-8.

51. Vinereanu D, Khokhar A, Fraser AG. Reproducibility of pulsed wave tissue

Doppler echocardiography. J Am Soc Echocardiogr 1999;12(6):492-9.

52. Papavassiliou DP, Parks WJ, Hopkins KL, Fyfe DA. Three-dimensional

echocardiographic measurement of right ventricular volume in children with

congenital heart disease validated by magnetic resonance imaging. J Am Soc

Echocardiogr 1998;11(8):770-7.

53. Jiang L, Siu SC, Handschumacher MD, Luis Guererro J, Vazquez de Prada JA,

King ME, et al. Three-dimensional echocardiography. In vivo validation for

right ventricular volume and function. Circulation 1994;89(5):2342-50.

54. Hatle L, Sutherland GR. Regional myocardial function--a new approach. Eur

Heart J 2000;21(16):1337-57.

55. Isaaz K, Munoz del Romeral L, Lee E, Schiller NB. Quantitation of the motion

of the cardiac base in normal subjects by Doppler echocardiography. J Am Soc

Echocardiogr 1993;6(2):166-76.



73

56. Garcia MJ, Thomas JD, Klein AL. New Doppler echocardiographic

applications for the study of diastolic function. J Am Coll Cardiol

1998;32(4):865-75.

57. Yalcin F, Kaftan A, Muderrisoglu H, Korkmaz ME, Flachskampf F, Garcia M,

et al. Is Doppler tissue velocity during early left ventricular filling preload

independent? Heart 2002;87(4):336-9.

58. D'Hooge J, Heimdal A, Jamal F, Kukulski T, Bijnens B, Rademakers F, et al.

Regional strain and strain rate measurements by cardiac ultrasound: principles,

implementation and limitations. Eur J Echocardiogr 2000;1(3):154-70.

59. Marwick TH. Clinical applications of tissue Doppler imaging: a promise

fulfilled. Heart 2003;89(12):1377-8.

60. Pellerin D, Sharma R, Elliott P, Veyrat C. Tissue Doppler, strain, and strain rate

echocardiography for the assessment of left and right systolic ventricular

function. Heart 2003;89 Suppl 3:iii9-17.

61. Lakatta EG, Levy D. Arterial and cardiac aging: major shareholders in

cardiovascular disease enterprises: Part II: the aging heart in health: links to

heart disease. Circulation 2003;107(2):346-54.

62. Preliminary criteria for the classification of systemic sclerosis (scleroderma).

Subcommittee for scleroderma criteria of the American Rheumatism

Association Diagnostic and Therapeutic Criteria Committee. Arthritis Rheum

1980;23(5):581-90.

63. LeRoy EC, Black C, Fleischmajer R, Jablonska S, Krieg T, Medsger TA, Jr., et

al. Scleroderma (systemic sclerosis): classification, subsets and pathogenesis. J

Rheumatol 1988;15(2):202-5.

64. Alarcon-Segovia D, Cardiel MH. Comparison between 3 diagnostic criteria for

mixed connective tissue disease. Study of 593 patients. J Rheumatol

1989;16(3):328-34.

65. Andersen GN, Caidahl K, Kazzam E, Petersson AS, Waldenstrom A,

Mincheva-Nilsson L, et al. Correlation between increased nitric oxide

production and markers of endothelial activation in systemic sclerosis: findings

with the soluble adhesion molecules E-selectin, intercellular adhesion molecule

1, and vascular cell adhesion molecule 1. Arthritis Rheum 2000;43(5):1085-93.



74

66. Alle EV BG. Raynaud's disease: a critical review of minimal requisites for

diagnosis. Am J Med Sci 1932;183:187-200.

67. Henein MY, Cailes J, O'Sullivan C, du Bois RM, Gibson DG. Abnormal

ventricular long-axis function in systemic sclerosis. Chest 1995;108(6):1533-40.

68. Sahn DJ, DeMaria A, Kisslo J, Weyman A. Recommendations regarding

quantitation in M-mode echocardiography: results of a survey of

echocardiographic measurements. Circulation 1978;58(6):1072-83.

69. Schiller NB, Shah PM, Crawford M, DeMaria A, Devereux R, Feigenbaum H,

et al. Recommendations for quantitation of the left ventricle by two-dimensional

echocardiography. American Society of Echocardiography Committee on

Standards, Subcommittee on Quantitation of Two-Dimensional

Echocardiograms. J Am Soc Echocardiogr 1989;2(5):358-67.

70. Quinones MA, Otto CM, Stoddard M, Waggoner A, Zoghbi WA.

Recommendations for quantification of Doppler echocardiography: a report

from the Doppler Quantification Task Force of the Nomenclature and Standards

Committee of the American Society of Echocardiography. J Am Soc

Echocardiogr 2002;15(2):167-84.

71. Sutherland GR, Hatle L. Pulsed doppler myocardial imaging. A new approach

to regional longitudinal function? Eur J Echocardiogr 2000;1(2):81-3.

72. Garcia-Fernandez MA, Azevedo J, Moreno M, Bermejo J, Perez-Castellano N,

Puerta P, et al. Regional diastolic function in ischaemic heart disease using

pulsed wave Doppler tissue imaging. Eur Heart J 1999;20(7):496-505.

73. Garcia MJ, Rodriguez L, Ares M, Griffin BP, Klein AL, Stewart WJ, et al.

Myocardial wall velocity assessment by pulsed Doppler tissue imaging:

characteristic findings in normal subjects. Am Heart J 1996;132(3):648-56.

74. Kazzam E, Waldenstrom A, Landelius J, Hallgren R, Arvidsson A, Caidahl K.

Non-invasive assessment of left ventricular diastolic function in patients with

systemic sclerosis. J Intern Med 1990;228(2):183-92.

75. Kazzam E, Caidahl K, Hallgren R, Gustafsson R, Landelius J, Waldenstrom A.

Non-invasive assessment of systolic left ventricular function in systemic

sclerosis. Eur Heart J 1991;12(2):151-6.

76. Clements PJ, Goldin JG, Kleerup EC, Furst DE, Elashoff RM, Tashkin DP, et

al. Regional differences in bronchoalveolar lavage and thoracic high-resolution



75

computed tomography results in dyspneic patients with systemic sclerosis.

Arthritis Rheum 2004;50(6):1909-17.

77. Vogel M, Schmidt MR, Kristiansen SB, Cheung M, White PA, Sorensen K, et

al. Validation of myocardial acceleration during isovolumic contraction as a

novel noninvasive index of right ventricular contractility: comparison with

ventricular pressure-volume relations in an animal model. Circulation

2002;105(14):1693-9.

78. Di Salvo TG, Mathier M, Semigran MJ, Dec GW. Preserved right ventricular

ejection fraction predicts exercise capacity and survival in advanced heart

failure. J Am Coll Cardiol 1995;25(5):1143-53.

79. de Groote P, Millaire A, Foucher-Hossein C, Nugue O, Marchandise X,

Ducloux G, et al. Right ventricular ejection fraction is an independent predictor

of survival in patients with moderate heart failure. J Am Coll Cardiol

1998;32(4):948-54.

80. Burgess MI, Mogulkoc N, Bright-Thomas RJ, Bishop P, Egan JJ, Ray SG.

Comparison of echocardiographic markers of right ventricular function in

determining prognosis in chronic pulmonary disease. J Am Soc Echocardiogr

2002;15(6):633-9.

81. Yeo TC, Dujardin KS, Tei C, Mahoney DW, McGoon MD, Seward JB. Value

of a Doppler-derived index combining systolic and diastolic time intervals in

predicting outcome in primary pulmonary hypertension. Am J Cardiol

1998;81(9):1157-61.

82. Raymond RJ, Hinderliter AL, Willis PW, Ralph D, Caldwell EJ, Williams W, et

al. Echocardiographic predictors of adverse outcomes in primary pulmonary

hypertension. J Am Coll Cardiol 2002;39(7):1214-9.

83. Zornoff LA, Skali H, Pfeffer MA, St John Sutton M, Rouleau JL, Lamas GA, et

al. Right ventricular dysfunction and risk of heart failure and mortality after

myocardial infarction. J Am Coll Cardiol 2002;39(9):1450-5.

84. Bleasdale RA, Frenneaux MP. Prognostic importance of right ventricular

dysfunction. Heart 2002;88(4):323-4.

85. Keith A. The functional anatomy of the heart. Br Med J 1918;1:361-363.

86. Torrent-Guasp F. [Structure and function of the heart]. Rev Esp Cardiol

1998;51(2):91-102.



76

87. Buckberg GD, Clemente C, Cox JL, Coghlan HC, Castella M, Torrent-Guasp F,

et al. The structure and function of the helical heart and its buttress wrapping.

IV. Concepts of dynamic function from the normal macroscopic helical

structure. Semin Thorac Cardiovasc Surg 2001;13(4):342-57.

88. Torrent-Guasp F, Kocica MJ, Corno A, Komeda M, Cox J, Flotats A, et al.

Systolic ventricular filling. Eur J Cardiothorac Surg 2004;25(3):376-86.

89. Ghio S, Raineri C, Scelsi L, Recusani F, D'Armini A M, Piovella F, et al.

Usefulness and limits of transthoracic echocardiography in the evaluation of

patients with primary and chronic thromboembolic pulmonary hypertension. J

Am Soc Echocardiogr 2002;15(11):1374-80.

90. Armour JA, Pace JB, Randall WC. Interrelationship of architecture and function

of the right ventricle. Am J Physiol 1970;218(1):174-9.

91. Zwissler B, Forst H, Messmer K. Acute pulmonary microembolism induces

different regional changes in preload and contraction pattern in canine right

ventricle. Cardiovasc Res 1990;24(4):285-95.

92. Fayad ZA, Ferrari VA, Kraitchman DL, Young AA, Palevsky HI, Bloomgarden

DC, et al. Right ventricular regional function using MR tagging: normals versus

chronic pulmonary hypertension. Magn Reson Med 1998;39(1):116-23.

93. Pai RG, Bansal RC, Shah PM. Determinants of the rate of right ventricular

pressure rise by Doppler echocardiography: potential value in the assessment of

right ventricular function. J Heart Valve Dis 1994;3(2):179-84.

94. Kalache A, Gatti A. Active ageing: a policy framework. Adv Gerontol

2003;11:7-18.

95. Lakatta EG, Levy D. Arterial and cardiac aging: major shareholders in

cardiovascular disease enterprises: Part I: aging arteries: a "set up" for vascular

disease. Circulation 2003;107(1):139-46.

96. Vasan RS, Benjamin EJ, Levy D. Prevalence, clinical features and prognosis of

diastolic heart failure: an epidemiologic perspective. J Am Coll Cardiol

1995;26(7):1565-74.

97. Vasan RS, Larson MG, Benjamin EJ, Evans JC, Reiss CK, Levy D. Congestive

heart failure in subjects with normal versus reduced left ventricular ejection

fraction: prevalence and mortality in a population-based cohort. J Am Coll

Cardiol 1999;33(7):1948-55.



77

98. Gibson DG, Francis DP. Clinical assessment of left ventricular diastolic

function. Heart 2003;89(2):231-8.

99. Caruana L, Petrie MC, Davie AP, McMurray JJ. Do patients with suspected

heart failure and preserved left ventricular systolic function suffer from

"diastolic heart failure" or from misdiagnosis? A prospective descriptive study.

Bmj 2000;321(7255):215-8.

100.Nikitin NP, Witte KK, Thackray SD, De Silva R, Clark AL, Cleland JG.

Longitudinal ventricular function: Normal values of atrioventricular annular and

myocardial velocities measured with quantitative two-dimensional color

Doppler tissue imaging. J Am Soc Echocardiogr 2003;16(9):906-21.

101.Alam M, Wardell J, Andersson E, Samad BA, Nordlander R. Characteristics of

mitral and tricuspid annular velocities determined by pulsed wave Doppler

tissue imaging in healthy subjects. J Am Soc Echocardiogr 1999;12(8):618-28.

102.Kukulski T, Hubbert L, Arnold M, Wranne B, Hatle L, Sutherland GR. Normal

regional right ventricular function and its change with age: a Doppler

myocardial imaging study. J Am Soc Echocardiogr 2000;13(3):194-204.

103.Klein AL, Leung DY, Murray RD, Urban LH, Bailey KR, Tajik AJ. Effects of

age and physiologic variables on right ventricular filling dynamics in normal

subjects. Am J Cardiol 1999;84(4):440-8.

104.Zoghbi WA, Habib GB, Quinones MA. Doppler assessment of right ventricular

filling in a normal population. Comparison with left ventricular filling

dynamics. Circulation 1990;82(4):1316-24.

105.Edvardsen T, Urheim S, Skulstad H, Steine K, Ihlen H, Smiseth OA.

Quantification of left ventricular systolic function by tissue Doppler

echocardiography: added value of measuring pre- and postejection velocities in

ischemic myocardium. Circulation 2002;105(17):2071-7.

106.Efthimiadis GK, Parharidis GE, Gemitzis KD, Nouskas IG, Karvounis HI,

Styliadis IK, et al. Doppler echocardiographic evaluation of right ventricular

diastolic function in isolated valvular aortic stenosis. J Heart Valve Dis

1999;8(3):261-9.

107.Kim WH, Otsuji Y, Yuasa T, Minagoe S, Seward JB, Tei C. Evaluation of right

ventricular dysfunction in patients with cardiac amyloidosis using Tei index. J

Am Soc Echocardiogr 2004;17(1):45-9.



78

108.Ozdemir K, Altunkeser BB, Icli A, Ozdil H, Gok H. New parameters in

identification of right ventricular myocardial infarction and proximal right

coronary artery lesion. Chest 2003;124(1):219-26.

109.Caso P, Galderisi M, Cicala S, Cioppa C, D'Andrea A, Lagioia G, et al.

Association between myocardial right ventricular relaxation time and

pulmonary arterial pressure in chronic obstructive lung disease: analysis by

pulsed Doppler tissue imaging. J Am Soc Echocardiogr 2001;14(10):970-7.

110.Sagie A, Larson MG, Levy D. The natural history of borderline isolated systolic

hypertension. N Engl J Med 1993;329(26):1912-7.

111.Dib JC, Abergel E, Rovani C, Raffoul H, Diebold B. The age of the patient

should be taken into account when interpreting Doppler assessed pulmonary

artery pressures. J Am Soc Echocardiogr 1997;10(1):72-3.

112.Davidson WR, Jr., Fee EC. Influence of aging on pulmonary hemodynamics in

a population free of coronary artery disease. Am J Cardiol 1990;65(22):1454-8.

113.Dokainish H, Gin K, Lee PK, Jue J. Left ventricular filling patterns and

pulmonary artery pressures in patients aged 90 to 100 years with normal

echocardiography results. J Am Soc Echocardiogr 2003;16(6):664-9.

114.Steen V. Predictors of end stage lung disease in systemic sclerosis. Ann Rheum

Dis 2003;62(2):97-9.

115.Borgeson DD, Seward JB, Miller FA, Jr., Oh JK, Tajik AJ. Frequency of

Doppler measurable pulmonary artery pressures. J Am Soc Echocardiogr

1996;9(6):832-7.

116.Waggoner AD, Barzilai B, Perez JE. Saline contrast enhancement of tricuspid

regurgitant jets detected by Doppler color flow imaging. Am J Cardiol

1990;65(20):1368-71.

117.Brecker SJ, Gibbs JS, Fox KM, Yacoub MH, Gibson DG. Comparison of

Doppler derived haemodynamic variables and simultaneous high fidelity

pressure measurements in severe pulmonary hypertension. Br Heart J

1994;72(4):384-9.

118.Raeside DA, Chalmers G, Clelland J, Madhok R, Peacock AJ. Pulmonary artery

pressure variation in patients with connective tissue disease: 24 hour

ambulatory pulmonary artery pressure monitoring. Thorax 1998;53(10):857-62.



79

119.Masoudi FA, Havranek EP, Smith G, Fish RH, Steiner JF, Ordin DL, et al.

Gender, age, and heart failure with preserved left ventricular systolic function. J

Am Coll Cardiol 2003;41(2):217-23.

120.Brutsaert DL, Sys SU. Relaxation and diastole of the heart. Physiol Rev

1989;69(4):1228-315.

121.Maier SE, Fischer SE, McKinnon GC, Hess OM, Krayenbuehl HP, Boesiger P.

Evaluation of left ventricular segmental wall motion in hypertrophic

cardiomyopathy with myocardial tagging. Circulation 1992;86(6):1919-28.

122.Stuber M, Scheidegger MB, Fischer SE, Nagel E, Steinemann F, Hess OM, et

al. Alterations in the local myocardial motion pattern in patients suffering from

pressure overload due to aortic stenosis. Circulation 1999;100(4):361-8.

123.Matter C, Nagel E, Stuber M, Boesiger P, Hess OM. Assessment of systolic and

diastolic LV function by MR myocardial tagging. Basic Res Cardiol 1996;91

Suppl 2:23-8.

124.Wiggers C. Studies on the consecitive phases of the cardiac cycle. Am J Physiol

1921;56:415-459.

125.Naqvi TZ. Diastolic function assessment incorporating new techniques in

Doppler echocardiography. Rev Cardiovasc Med 2003;4(2):81-99.

126.Edner M, Jarnert C, Muller-Brunotte R, Malmqvist K, Ring M, Kjerr AC, et al.

Influence of age and cardiovascular factors on regional pulsed wave Doppler

myocardial imaging indices. Eur J Echocardiogr 2000;1(2):87-95.

127.Burstin L. Determination of pressure in the pulmonary artery by external

graphic recordings. Br Heart J 1967;29(3):396-404.

128.Hatle L, Angelsen BA, Tromsdal A. Non-invasive estimation of pulmonary

artery systolic pressure with Doppler ultrasound. Br Heart J 1981;45(2):157-65.

129.Severino S, Caso P, Cicala S, Galderisi M, de Simone L, D'Andrea A, et al.

Involvement of right ventricle in left ventricular hypertrophic cardiomyopathy:

analysis by pulsed Doppler tissue imaging. Eur J Echocardiogr 2000;1(4):281-8.

130.Cicala S, Galderisi M, Caso P, Petrocelli A, D'Errico A, de Divitiis O, et al.

Right ventricular diastolic dysfunction in arterial systemic hypertension:

analysis by pulsed tissue Doppler. Eur J Echocardiogr 2002;3(2):135-42.



80

131.Marangoni S, Scalvini S, Schena M, Vitacca M, Quadri A, Levi G. Right

ventricular diastolic function in chronic obstructive lung disease. Eur Respir J

1992;5(4):438-43.

132.Yu CM, Lin H, Ho PC, Yang H. Assessment of left and right ventricular

systolic and diastolic synchronicity in normal subjects by tissue Doppler

echocardiography and the effects of age and heart rate. Echocardiography

2003;20(1):19-27.

133.Henein MY, Gibson DG. Normal long axis function. Heart 1999;81(2):111-3.

134.Stojnic BB, Brecker SJ, Xiao HB, Helmy SM, Mbaissouroum M, Gibson DG.

Left ventricular filling characteristics in pulmonary hypertension: a new mode

of ventricular interaction. Br Heart J 1992;68(1):16-20.

135.Jones CJ, Raposo L, Gibson DG. Functional importance of the long axis

dynamics of the human left ventricle. Br Heart J 1990;63(4):215-20.

136.Lorenz CH, Pastorek JS, Bundy JM. Delineation of normal human left

ventricular twist throughout systole by tagged cine magnetic resonance

imaging. J Cardiovasc Magn Reson 2000;2(2):97-108.

137.Rademakers FE, Buchalter MB, Rogers WJ, Zerhouni EA, Weisfeldt ML,

Weiss JL, et al. Dissociation between left ventricular untwisting and filling.

Accentuation by catecholamines. Circulation 1992;85(4):1572-81.

138.Mancini GB, Costello D, Bhargava V, Lew W, LeWinter M, Karliner JS. The

isovolumic index: a new noninvasive approach to the assessment of left

ventricular function in man. Am J Cardiol 1982;50(6):1401-8.

139.Eidem BW, Tei C, O'Leary PW, Cetta F, Seward JB. Nongeometric quantitative

assessment of right and left ventricular function: myocardial performance index

in normal children and patients with Ebstein anomaly. J Am Soc Echocardiogr

1998;11(9):849-56.

140.Mertens HM, Mannebach H, Trieb G, Gleichmann U. Influence of heart rate on

systolic time intervals: effects of atrial pacing versus dynamic exercise. Clin

Cardiol 1981;4(1):22-7.

141.Widimsky and Dixon iReaE. Normal values in Adults Ergometry According to

Age, Sex and Training, European Society of Cardiology, Meeting of the

Working Group om Physiology,Physiopahology and Electrocardiography of

Exercise, Rome. 1980:177.



81

142.Katz. Physiology of the heart. Third edition. 3rd ed: LIPPINCOTT WILLIAMS

& WILKINS; 2001.

143.Kanzaki H, Nakatani S, Kawada T, Yamagishi M, Sunagawa K, Miyatake K.

Right ventricular dP/dt/P(max), not dP/dt(max), noninvasively derived from

tricuspid regurgitation velocity is a useful index of right ventricular

contractility. J Am Soc Echocardiogr 2002;15(2):136-42.

144.Karatasakis GT, Karagounis LA, Kalyvas PA, Manginas A, Athanassopoulos

GD, Aggelakas SA, et al. Prognostic significance of echocardiographically

estimated right ventricular shortening in advanced heart failure. Am J Cardiol

1998;82(3):329-34.

145.Pislaru C, Anagnostopoulos PC, Seward JB, Greenleaf JF, Belohlavek M.

Higher myocardial strain rates during isovolumic relaxation phase than during

ejection characterize acutely ischemic myocardium. J Am Coll Cardiol

2002;40(8):1487-94.

146.Henein MY, Gibson DG. Long axis function in disease. Heart 1999;81(3):229-

31.

147.Walker A, Olsson E, Wranne B, Ringqvist I, Ask P. Time delays in ultrasound

systems can result in fallacious measurements. Ultrasound Med Biol

2002;28(2):259-63.

148.Appleton CP, Jensen JL, Hatle LK, Oh JK. Doppler evaluation of left and right

ventricular diastolic function: a technical guide for obtaining optimal flow

velocity recordings. J Am Soc Echocardiogr 1997;10(3):271-92.

149.De Boeck BW, Cramer MJ, Oh JK, van der Aa RP, Jaarsma W. Spectral pulsed

tissue Doppler imaging in diastole: a tool to increase our insight in and

assessment of diastolic relaxation of the left ventricle. Am Heart J

2003;146(3):411-9.

150.Henein M, Lindqvist P, Francis D, Morner S, Waldenstrom A, Kazzam E.

Tissue Doppler analysis of age-dependency in diastolic ventricular behaviour

and filling: a cross-sectional study of healthy hearts (the Umea General

Population Heart Study). Eur Heart J 2002;23(2):162-71.

151.Rodriguez L, Garcia M, Ares M, Griffin BP, Nakatani S, Thomas JD.

Assessment of mitral annular dynamics during diastole by Doppler tissue

imaging: comparison with mitral Doppler inflow in subjects without heart



82

disease and in patients with left ventricular hypertrophy. Am Heart J

1996;131(5):982-7.




