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1. ECHOCARDIOGRAPHY 

Since the first steps in developing ultrasound as a technique for the non-invasive imag-
ing of the mitral valve in the 1950ties by Dr. I. Edler, and for imaging pericardial effusion 
in the 1960ties by Dr. H. Feigenbaum, tremendous advances have been made in ultra-
sound and computer technology 1, 2. What started out as a technique showing an image 
along a single ultrasound scanline directed at the heart over time (M-Mode) has devel-
oped into a technique capable of generating real-time 2-dimensional images of the 
beating heart 3. The addition of spectral and colour Doppler ultrasound allowed for 
nearly complete assessment of the heart and the pulmonary circulation 4-11,. Another 
significant step forward was the introduction of transoesophageal echocardiography in 
198112 which, due to its superior image quality, was soon integrated into clinical cardi-
ology as a valuable adjunct to transthoracic echocardiography. Finally, the development 
of matrix array ultrasound scanning probes from the 1990ies onwards nowadays allows 
for real-time three-dimensional imaging of the heart 13. 
 Thus, continuous evolvements over the last 6 decades have turned cardiac ultra-
sound into an imaging technique that is indispensable for the practice of modern cardi-
ology. The research presented in this thesis covers aspects that are all important in 
modern echocardiography. This encompasses (1) further validation of existing tech-
niques, (2) use of existing techniques in clinical studies testing an intervention, (3) ex-
amination of novel tools for the assessment of imaging datasets, and (4) the use of 
technical advancements in echocardiography to answer specific research questions. 
Thus, currently employed techniques to measure left ventricular function are examined 
with regards to their variability and treatment-related changes in a real-world clinical 
setting. A novel software tool to assess left atrial size on 3-dimensional datasets is vali-
dated against a gold standard technique. 3-dimensional strain imaging and myocardial 
perfusion imaging are used to assess the adaptation of the heart to exposure to high 
altitude. 

2. ECHOCARDIOGRAPHY FOR THE ASSESSMENT OF MYOCARDIAL 
PERFUSION 

The coronary arteries, arterioles and the capillary bed all act together in a complex 
interplay to regulate myocardial perfusion and thus the delivery of nutrients and oxygen 
to the myocardium 14. As myocardial perfusion can be disturbed in many clinical scenar-
ios – most notably in the case of coronary artery stenosis – there is a strong interest in 
the assessment of myocardial perfusion with non-invasive imaging techniques. A pre-
condition for the assessment of myocardial perfusion with echocardiography was the 
development of a contrast agent that can be detected with ultrasound. Already in the 
early days of echocardiography it had been noted, that gas bubbles that appear in the 
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blood stream for example after intravenous fluid injections, can be detected as bright 
signals on ultrasound images. From the 1970ies onwards, agitated saline has routinely 
been used to detect intracardiac shunts. However, these early ultrasound contrast 
agents had a very short half-life and were too large to pass the pulmonary microcircula-
tion and reach the systemic circulation. With the development of lipid- or albumin en-
capsulated heavy-weight (perfluorocarbon) gas microbubbles with diameters of around 
2-4µm in the 1990ies, opacification of blood in the systemic circulation became possi-
ble. Microbubbles have been shown to possess rheologic characteristics very similar to 
red blood cells, and to remain strictly intravascular 15, two main pre-requisites for their 
use for assessing myocardial blood flow. When microbubbles are exposed to a moder-
ate-intensity ultrasound field, they start to resonate, and emit ultrasound waves them-
selves. These resonated ultrasound waves can be picked up by ultrasound transducer 
and converted to imaging data, on which the signal brightness corresponds to the num-
ber of microbubbles present in the scanplane. With high intensity ultrasound impulses, 
the microbubbles in the scanplane can be destroyed, and the replenishment can be 
used to assess myocardial perfusion (reviewed in 16). This technique has been used both 
in preclinical research 17 as well as in stable coronary artery disease 18 and in patients 
presenting to the emergency department with chest pain19 to detect myocardial ische-
mia. Measurements of myocardial flow reserve correlate well with those from positron 
emission tomography (PET) 20.  
 Exaggerated hypoxic pulmonary vasoconstriction, pulmonary hypertension and high 
altitude pulmonary edema (HAPE) affect susceptible subjects that ascend rapidly to 
altitudes >2500 meters above sea level21. Reduced endothelial function in the pulmo-
nary vasculature owing to a reduced bioavailability of nitric oxide has been implicated in 
the pathogenesis of HAPE. However, catheterisation data show that the development of 
HAPE occurs together with a rise in capillary hydrostatic pressure22. These data suggest 
that changes in left heart physiology that lead to an increase in left ventricular filling 
pressure might also play a role. While the systolic function of the left ventricle has doc-
umented to remain normal in subjects with HAPE susceptibility at high altitude, minor 
impairments in diastolic function have been shown 23, and systemic endothelial function 
has been demonstrated to be abnormal24. We therefore used myocardial contrast 
echocardiography to assess whether myocardial flow reserve as a readout of endotheli-
al function is different in subjects with HAPE susceptibility in comparison to normal 
individuals at high altitude. 

3. ECHOCARDIOGRAPHY FOR THE ASSESSMENT OF CARDIAC CHAMBER 
SIZE AND FUNCTION 

Left ventricular ejection fraction (LVEF) is without any doubt the parameter most fre-
quently asked for when performing echocardiography. LVEF has prognostic implications 
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25 and is frequently used for deciding whether a patient gets a specific therapeutic in-
tervention, be it pharmacological or interventional. Despite the wide availability of 
methods for measurement of LVEF such as the modified biplane Simpson’s method26, a 
visual assessment of LVEF with inherent limitations due to interobserver and intraob-
server variability is still often used. In addition, even state-of-the art biplane measure-
ment of LVEF has istits limitations due to image dropout of endocardium that is orient-
ed parallel to the ultrasound beam and apical foreshortening. It is assumed that in the 
near future, increased use of three-dimensional echocardiography (3DE) will provide 
more accurate and reproducible measurements of LVEF27. Given the known inaccura-
cies of LVEF measurements, in the present thesis we first assessed the variability of real-
life measurements on an individual patient basis. We then went on to assess the evolu-
tion of LVEF over time in heart failure patients with a NT-proBNP guided versus a symp-
tom-guided strategy of intensified treatment. 
 In addition to measurement of left ventricular (LV) cavity size for the assessment of 
function, strain imaging has been developed for a standardized quantification of global 
and regional LV function. Strain imaging measures the deformation of the myocardium 
over the cardiac cycle. Strain is dimensionless and is expressed as a percentage change 
of the length of cardiac fibers from end-diastole to end-systole. 2-dimensional echocar-
diography allows for the measurement of longitudinal, circumferential and radial de-
formation of the left ventricular myocardium 28. In addition, ventricular contraction 
involves a counterclockwise rotation of the base and a clockwise rotation of the apex, 
resulting in a twisting motion of the heart during systole 29. 2-dimensional echocardiog-
raphy has been used for the assessment of LV rotational mechanics 28. However, 3DE 
has the distinct advantage that out of plane movement of structures that are being 
tracked does not occur. It is known that longstanding pulmonary artery hypertension 
can alter left ventricular geometry and thus left ventricular torsion30, however, left 
ventricular remodeling was a potential confounder in this study. We therefore aimed to 
study the influence of short-term increases in pulmonary artery pressure on left ven-
tricular torsion in healthy subjects ascending to high altitude, where confounders like 
left ventricular remodeling can be excluded. 
 Echocardiography is also routinely used to measure the size of the left atrium (LA). 
There is a direct relationship between left ventricular filling pressures and LA remodel-
ing 31, and a left atrial volume index ш34ml/m2 has been shown to independently pre-
dict death, heart failure, atrial fibrillation and stroke 32. Biplane 2-dimensional imaging 
has typically been used to determine LA volume. Dedicated software algorithms have 
been developed recently to assess left atrial volumes on 3DE, which are thought to be 
more accurate and reproducible, but have not been extensively validated. We therefore 
validated the accuracy of a novel software tool (4D LA Analysis, TomTec Imaging Sys-
tems) for the assessment of left atrial volumes against the gold standard of magnetic 
resonance imaging derived values. 
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4. AIMS AND OUTLINE OF THIS THESIS 

The overall aim of this thesis was to use state-of the art echocardiography to improve 
knowledge of left ventricular and left atrial physiology, structure, and function. In order 
to achieve this aim, we used different echocardiographic techniques and applications in 
different patient populations with specific alterations. Thus, we investigated (I) subjects 
exposed to high altitude as a model of acute pulmonary hypertension and possibly 
acute endothelial dysfunction (Chapter 2 and 6), (II) patients scheduled to undergo 
pulmonary vein isolation as a model of different severity of left atrial structural and 
functional abnormalities (Chapter 4), and (III) a large clinical heart failure trial cohort as 
a model of left-ventricular systolic dysfunction and dilation (Chapter 3 and 5). We used 
contrast enhanced ultrasound to assess myocardial blood flow reserve at high altitude 
in normal subjects compared to subjects developing high altitude pulmonary edema 
(Chapter 2). The reliability of real-life assessment of LVEF was assessed in a large heart 
failure trial (Chapter 3). A novel software algorithm for the measurement of left atrial 
volumes was validated against magnetic resonance imaging (Chapter 4). The influence 
of BNP-guidance in heart failure treatment on LVEF was assessed over time in a large 
heart failure trial (Chapter 5). Finally, 3DE of cardiac torsion was used to investigate the 
influence of isolated pulmonary hypertension occurring at high altitude on left ventricu-
lar mechanics (Chapter 6). 
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CHAPTER 2 
 
Evidence supportive of impaired myocardial 
blood flow reserve at high altitude in subjects 
developing high-altitude pulmonary edema 
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ABSTRACT 

Aims: An exaggerated increase in pulmonary artery pressure is the hallmark of HAPE 
and is associated with endothelial dysfunction of the pulmonary vasculature. Whether 
the myocardial circulation is affected by endothelial dysfunction is not known. The aim 
of this study was therefore to investigate whether myocardial blood flow reserve 
(MBFr) is altered in mountaineers developing high altitude pulmonary edema (HAPE). 
 
Methods and Results: Healthy mountaineers taking part in a trial of prophylactic treat-
ment of HAPE were examined at low (490m) and high altitude (4559m). MBFr was de-
rived from low mechanical index contrast echocardiography performed at rest and 
during submaximal exercise. Among 24 subjects evaluated for MBFr, 9 were HAPE-
susceptibles on prophylactic treatment with dexamethasone or tadalafil, 6 were HAPE 
susceptibles on placebo, and 9 persons whithout HAPE susceptibility served as controls. 
At low altitude, MBFr did not differ between groups. At high altitude, MBFr increased 
significantly in HAPE susceptibles on treatment and control persons (2.1±0.8 and 
2.9±0.9 at low and high altitude, respectively, p=0.001), but not in HAPE susceptibles on 
placebo (2.5±0.3 and 2.0±1.3 at low and high altitude, respectively, p>0.1). The re-
sponse to high altitude was significantly different between the two groups (p=0.01). 
There was a significant inverse relation between the increase in the pressure gradient 
across the tricuspid valve and the change in myocardial blood flow reserve.  
 
Conclusions: HAPE-susceptible individuals not taking prophylactic treatment exhibit a 
reduced MBFr compared to either treated HAPE-susceptibles or healthy controls at high 
altitude. 
  



EVIDENCE SUPPORTIVE OF IMPAIRED MYOCARDIAL BLOOD FLOW 

17 

INTRODUCTION 

High-altitude pulmonary edema (HAPE) is a potentially fatal condition occurring in non-
acclimatized individuals ascending rapidly to altitudes above 2500m. In an unselected 
population, approximately 5-6% develop HAPE usually within 2 to 3 days if ascending 
rapidly to 4500m, whereas individuals with a history of HAPE have a 60% chance of 
recurrence 1. The pathophysiological hallmark of HAPE is an exaggerated hypoxic pul-
monary vasoconstriction with an abnormal increase in pulmonary artery 2-5 and capillary 
pressure 6. Transarteriolar fluid leakage 7, 8, irregular distribution of vasoconstriction 
with regional overperfusion, or venoconstriction 9 have been proposed as mechanisms, 
while inflammatory mechanisms do not seem to play a major role 10. Decreased concen-
trations of nitric oxide (NO) in exhaled air are found in HAPE-susceptibles exposed to 
hypoxia 11. Furthermore, if individuals with HAPE inhale NO at high altitude, pulmonary 
artery pressure (PAP) is lowered and gas exchange improved to values seen in normal 
individuals 12, 13. These data suggest an impaired endothelial function in HAPE-
susceptibles leading to decreased bioavailability of NO and an exaggerated hypoxic 
vasoconstriction. 
 Systolic function of the left ventricle is normal in individuals exposed to high alti-
tude, irrespective of HAPE susceptibility. Diastolic dysfunction may be present 14, 15, but 
data are not uniform and the precise mechanism is unknown. Recently, endothelial 
dysfunction of the systemic vasculature has been found in HAPE-susceptible subjects 
when exposed to hypoxia 14. However, if there is also endothelial dysfunction in the 
myocardial microcirculation similar to that in the pulmonary vasculature is not known. 
Furthermore, the effect of HAPE prevention on myocardial blood flow is not known. 
Therefore, the aim of the study was to investigate if impaired endothelial function is 
present in the coronary circulation and if medical HAPE prophylaxis might influence 
myocardial microcirculation. Therefore, we measured myocardial blood flow reserve 
(MBFr) with myocardial contrast echocardiography at high altitude in HAPE susceptibles 
participating in a placebo controlled double-blind study for HAPE prevention and in 
resistant controls. 
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METHODS 

^ƚƵĚǇ�ƐƵďũĞĐƚƐ�ĂŶĚ�ĚĞƐŝŐŶ�

A total of 29 mountaineers, 4 women and 25 men, with a history of at least one episode 
of HAPE (termed HAPE-susceptibles, HAPE-S), and 10 control subjects (1 woman) with-
out history of HAPE, were studied. All HAPE-S subjects participated in a study investigat-
ing the effect of the phosphodiesterase inhibitor tadalafil (Cialis®, Lilly) or dexame-
thasone (Fortecortin®, Merck) for HAPE prevention. Details on study sequence, medica-
tion intake, and the results have been published elsewhere 16. Apart from medication 
intake, procedures in control subjects did not differ. None of the study subjects had any 
known cardiovascular risk factor. The study protocol was approved by the ethics com-
mittees of the involved institutions and all participants gave written informed consent. 
 Baseline measurements were performed in Zurich (490m) 2-4 weeks prior to the 
investigation at the high-altitude research laboratory at Capanna Regina Margherita, 
Italy (4559m). In Zurich, patients underwent clinical examination and, thereafter, bicycle 
exercise testing until exhaustion to assess the maximal exercise capacity. On the follow-
ing day, Doppler echocardiography was performed at rest and during exercise with the 
subject sitting on a bicycle ergometer in semi-recumbent position. Stress echocardio-
graphic data were recorded at a workload corresponding to 40% of the individual peak 
exercise capacity.  
 The subjects ascended within 22 hours from 1130m to 4559m. The subjects ascend-
ed by cable car to an altitude of 3200m, from where they climbed approximately 1½ 
hours to 3600m. After an overnight stay, they climbed within an additional 4½ hours to 
4559m altitude. Echocardiography was performed on the following day at rest and 
during bicycle ergometry at a workload 70% of that at low altitude (i.e. 28% of individual 
peak exercise capacity). Workload was reduced to compensate for the effects of high 
altitude based on previous experience 17. 
 HAPE was clinically suspected at the appearance of dry cough, orthopnea or pulmo-
nary rales. A postero-anterior thorax radiograph was then taken using a mobile unit 
(TRS, Siemens, Stockholm, Sweden) with a fixed distance of 1.4m at 95kV and 3 to 
6mA/s. Radiographs were scored retrospectively by a second radiologist blinded to 
other study results. HAPE was defined as previously reported 18. 

�ƐƐĞƐƐŵĞŶƚ�ŽĨ�ŵǇŽĐĂƌĚŝĂů�ďůŽŽĚ�ĨůŽǁ�ƌĞƐĞƌǀĞ�

MBFr was assessed using myocardial contrast echocardiography. The ultrasound con-
trast agent Sonovue® (Bracco, Switzerland) was diluted 1:5 in 0.9% NaCl and infused 
intravenously. A constant infusion rate of 50-70ml/h was maintained using a prototype 
mixing pump (Bracco, Switzerland). Contrast images were acquired on a Toshiba Aplio 
80 (Toshiba, Japan) equipped with a 4MHz transducer. The system was set to pulse 
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inversion imaging mode at a mechanical index of 0.1 and 40dB dynamic range. The 
compression level and postprocessing algorithms were adjusted for maximum linearity 
of the imaging. Images were acquired from the apical window. Infusion rate of the con-
trast agent was optimized to produce a dense, homogeneous left ventricular (LV) cavity 
opacification with shadowing limited only to the left atrial cavity. The focus of the ultra-
sound beam was set at the mitral valve level and gain settings were optimized and held 
constant throughout the examination. Microbubbles in the myocardium were then 
destroyed by transmitting several high mechanical index (MI of 1.4) frames followed by 
10 to 15 seconds of continuous imaging at low mechanical index to observe the con-
trast replenishment in the LV myocardium. Low and high altitude images at rest and 
during bicycle ergometer stress were each acquired in a single breathhold. Images were 
transferred to an off-line computer for image processing using custom software (Uni-
versity of Virginia). 
 End-systolic frames were selected and aligned manually. The first end-systolic frame 
after microbubble destruction was then used as a background frame and subtracted 
from contrast frames. Video-intensities were linearized on a pixel-by-pixel basis by ap-
plying an exponential function that was an inverse to the known logarithmic function 
used by the ultrasound system during the imaging. A region of interest was manually 
placed on the mid-ventricular septum and linearized data from the region of interest 
was averaged and fitted to the exponential function: 

y = A (1-e( –ß•t)), 

where A is proportional to the microvascular myocardial blood volume, ß is proportional 
to the microvascular blood flow velocity, and, hence, the product of A•ß is proportional 
to the microvascular myocardial blood flow (MBF) 19. The A value measured at the mid-
ventricular septum was then normalized by division by a value measured in a region of 
similar size placed in the adjacent ventricular cavity in order to compensate for possible 
fluctuations in microbubble concentration during a study 20. Data on day-to-day variabil-
ity of this technique have recently been published 21. MBFr was then calculated as MBF 
at stress divided by MBF at rest. Investigators analyzing the perfusion data (B.A.K., A.B.) 
were blinded to study drug intake, HAPE susceptibility, and the subject’s clinical out-
come. For interobserver variability, the investigators were blinded to the results of the 
other investigator’s analysis. 

�ŽƉƉůĞƌ��ĐŚŽĐĂƌĚŝŽŐƌĂƉŚǇ�

By continuous wave Doppler, the peak flow velocity of the transtricuspid regurgitant jet 
was measured for assessment of pressure gradients across the tricuspid valve (dP TR) as 
an estimate of systolic pulmonary artery pressure. LV diastolic function was assessed in 
the apical four chamber view. The sample volume of pulsed wave Doppler was placed at 
the tips of the mitral valve leaflets. The obtained values were peak flow velocity (E, 
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cm/s) and deceleration time (ms) of the early diastolic filling, peak flow velocity (A, 
cm/s) of the late diastolic filling, and isovolumic relaxation time. Tissue Doppler imaging 
was used for measuring tissue velocities at the basal septum to obtain the mitral annu-
lar motion velocity (E’, cm/s) during early diastole. 

^ƚĂƚŝƐƚŝĐĂů�ĂŶĂůǇƐŝƐ�

Statistical analysis was performed with a commercially available program (SPSS version 
13.0). Values are reported as mean ± standard deviation unless otherwise stated. Be-
tween group comparisons were done using the Mann-Whitney U-test or Kruskal-Wallis 
H-test, as appropriate, within group comparison using the Wilcoxon-test. For compari-
son between groups from low to high altitude, changes were calculated and then com-
pared using the appropriate non-parametric test. A p-value of 0.05 was considered to 
be statistically significant. 

RESULTS 

^ƚƵĚǇ�ƉŽƉƵůĂƚŝŽŶ�

The baseline characteristics of the 24 subjects included in the study are presented in 
Table 1. Among the 24 subjects, 9 were HAPE-S individuals on prophylactic treatment 
with dexamethasone or tadalafil, 6 were HAPE-S individuals on placebo, and 9 persons 
without HAPE susceptibility served as controls. Five of these subjects (21%) eventually 
developed HAPE; all of them were known HAPE-S individuals receiving placebo (5 of 6 
HAPE-S on placebo developed HAPE). None of the control subjects and none of those 
either on dexamethasone or tadalafil in this study developed HAPE. 
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Table 1. Physiological characteristics of the study population 

 HAPE-S Placebo  
(n=6) 

HAPE-S On Treatment 
(n=9) 

Control subjects  
(n=9) 

Significance  
between groups 

 490m 4559m  490m 4559m  490m 4559m  490m 4559m 

Age, yr 39±7 45±10 32±4 0.003 

Heart rate at rest, 
beats/min 

63±10  86±12  63±12 72±18 67±8 88±10 NS NS 

Heart rate exercise*, 
beats/min 

123±15  141±13  121±12 123±12 134±9 133±5 0.02  0.07  

Systolic blood pressure at 
rest, mmHg 

121±11 132±18  127±13 124±13 113±8 122±13 0.05  NS 

Diastolic blood pressure 
at rest, mmHg 

78±7  80±13  85±10  73±10 72±10 76±12 0.03  NS 

Systolic blood pressure 
exercise, mmHg 

153±16  158±21  163±29 147±12 147±18 160±18 NS NS 

Diastolic blood pressure 
exercise, mmHg 

95±14  100±20  97±10  86±13 87±13 90±16  NS NS 

RPP at rest, mmHg x 
beats/min (x1000) 

8±1,7  11,5±2,5 8,2±2,3 9,3±2,6 8±1,5 10,1±1,4 NS NS 

RPP exercise, mmHg x 
beats/min (x1000) 

18±2,8 21,5±2,2 19,3±4,4 18,6±3 19,5±1,8 21,4±2,2 NS 0.04  

O2 saturation at rest, % 96±2  66±11  96±3  82±9 97±1 81±4 NS 0.002 

O2 saturation exercise, % 95±1  61±11  96±2  72±9 96±1 72±8 NS NS 

Relative change in O2 
saturation, % 

 8±4  12±9  11±6  NS 

Hematocrit, % 43±5 44±5 42±2 42±2 44±2 45±2 NS NS 

,ĞŵŽĚǇŶĂŵŝĐ�ƉĂƌĂŵĞƚĞƌƐ�

Hemodynamic parameters are summarized in Table 1. Heart rates at rest were not 
different between groups, both at low and high altitude, whereas control subjects at-
tained a slightly higher heart rate during exercise at low altitude, and at high altitude 
there was a trend toward a higher heart rate during exercise in HAPE-S on placebo. 
Control subjects had a slightly lower blood pressure at rest at low altitude, but there 
were no blood pressure differences between groups at high altitude. The rate pressure 
product (RPP) showed a difference only during exercise at high altitude, which was due 
to a lower RPP in subjects with prophylactic treatment, while there was no difference 
between HAPE-S on placebo and controls. Arterial O2 saturations were not different 
between groups at low altitude. At high altitude, O2 saturations were significantly lower 
in HAPE-S on placebo compared with the other groups at rest. However, there were no 
differences in O2 saturations at high altitude during exercise, nor in the relative change 
of the O2 saturation caused by exercise at high altitude. The hematocrit was not differ-
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ent between the groups at both low and high altitude. HAPE-S were older than control 
subjects. Therefore, all analyses were repeated after adjustment for age, which did not 
influence the results (data not shown). 

�ĐŚŽĐĂƌĚŝŽŐƌĂƉŚŝĐ�ƉĂƌĂŵĞƚĞƌƐ�

Echocardiographic parameters are summarized in Table 2. The increase in PAP was 
significantly larger in HAPE-S during low-intensity exercise at low altitude (P < 0.001). At 
high altitude, increase in PAP was significantly larger in untreated HAPE-S. Comparing 
subjects developing HAPE (n=5) and those not developing HAPE (n=19), the increase in 
PAP from low to high altitude was particularly evident (change in pressure gradient 
tricuspid regurgitation: 33±9 vs. 15±9 mmHg, P<0.001). 
 All subjects had a normal LV ejection fraction at rest at low altitude. LV ejection 
fraction increased significantly with exercise in all groups at low and high altitude, and 
there were no significant differences between the groups. Values for septal and inferol-
ateral wall thickness were normal and not different between groups at low and high 
altitude. All assessed parameters of diastolic function (E velocity, A velocity, E/A ratio, 
E/E� ratio, deceleration time, isovolumic relaxation time) were normal at rest at low 
altitude and did not differ significantly between the groups, despite differences in age. 
 
Table 2. Echocardiographic parameters of the study population 

 HAPE-S Placebo  
(n=6) 

HAPE-S On Treatment 
(n=9) 

Control subjects 
(n=9) 

Significance  
between groups 

 490m 4559m  490m 4559m  490m 4559m  490m 4559m 

LVEF at rest, % 62±4 65±5 64±6 64±5 62±3 65±9 NS NS 

LVEF exercise, % 70±2  74±10  70±6 76±6 68±5 74±6 NS NS 

Septum thickness, mm 10±1  9±2  10±2 10±1 10±1 9±1 NS  NS  

Inferolateral wall 
thickness, mm 

9±1 9±1  10±1 9±1 9±1 9±1 NS NS 

dp TR at rest*, mmHg 22±4  53±11  19±7  31±8 17±3 33±6 NS <0.001 

dp TR exercise, mmHg 47±9  74±20  45±10 46±7 28±3 48±10 <0.001 0.001 

E wave, cm/s 80±12  78±22  77±14  78±11 71±15 72±15  NS NS 

A wave, cm/s 50±14  60±15  56±15 62±18 42±8 52±11 NS NS 

E/A ratio 1.7±0.4  1.3±0.4  1.4±0.3 1.3±0.3 1.6±0.4 1.4±0.3 NS NS 

Deceleration time, ms 192±29  196±40  191±47  215±43 187±38 194±24 NS NS 

IVRT, ms 86±17  83±14  92±13  95±16 86±13 82±12 NS NS 

E/E’ ratio 8.4±1.7 9.0±2.8 10.5±3.2 10.1±4.5 8.1±2.1 8.4±2.4 NS NS 

Values are means±SD; Ŷ, no. of subjects. LVEF, left-ventricular ejection fraction; dp TR, pressure gradient 
tricuspid regurgitation; E, peak flow velocity of early diastolic filling; E‘, mitral annular motion velocity; A, peak 
flow velocity of late diastolic filling; IVRT, isovolumic relaxation time. *Response to high altitude different in 
HAPE-S on placebo vs. other groups: W�ф0.05. 
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DǇŽĐĂƌĚŝĂů�ďůŽŽĚ�ĨůŽǁ�ƌĞƐĞƌǀĞ�

Examples of destruction replenishment sequences and the corresponding curves at high 
altitude are shown in Fig. 1.  
 

 
Fig. 1. Examples of destruction replenishment image sequences and the corresponding video-intensity vs. 
pulsing interval curves from a region of interest drawn in the midventricular septum in one healthy control (A) 
and one subject developing high-altitude pulmonary edema (HAPE) (B). s, Second-s after microbubble de-
struction: A, myocardial blood volume: ș, myocardial blood flow velocity. 

 
�, පș, and �•ș values from which MBFr were derived are shown in Table 3. At low 
altitude, there were no significant differences between the groups regarding MBFr 
(P>0.1, Fig. 2). At high altitude, MBFr increased significantly (P<0.05) in control subjects 
and HAPE-S on treatment, whereas it remained unchanged in HAPE-S on placebo. The 
change in MBFr from low to high altitude significantly differed between HAPE-S on pla-
cebo and the other two groups (Wф0.05). The subjects ultimately developing HAPE 
showed no change in MBFr (2.5±0.3 to 2.0±1.3, W>0.1) at high altitude, whereas those 
not developing HAPE showed a highly significant increase (2.1±0.8 to 2.9±0.9, W<0.001). 
The response to high altitude significantly differed between the two groups (W<0.01). 
No differences in the response to high altitude were observed between the two treat-
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ment groups and the control groups (controls 1.9±0.8 to 2.8±1.0; HAPE-S on tadalafil 
2.0±0.2 to 2.6±0.8; and HAPE-S on dexamethasone 2.4±1.0 to 3.1±1.1). 
Interobserver variability for determining MBFr was 21±16%. Importantly, the effects on 
MBFr in the different groups were observed by both investigators. In particular, results 
presented did not differ between the two investigators. 
There was a significant negative correlation between the increase in PAP and the 
change in the MBFr from low to high altitude (Spearman r=-0.48, P=0.02; Fig. 3). In 
particular, subjects developing HAPE showed a larger increase in PAP and a decrease in 
MBFr. Normalized �•ș at rest at high altitude was not significantly different between 
groups (8.0±8.1 in HAPE-S on placebo, 5.3±3.1 in HAPE-S on treatment, and 4.0±1.4 in 
controls, P=0.4). 
 
Table 3. �, ș�and �•ș values of the study population at rest and during exercise 

 HAPE-S Placebo (n=6) HAPE-S On Treatment (n=9) Control subjects (n=9) 

 490m 4559m  490m 4559m  490m 4559m 

� rest 21±13 18±14 19±13 17±12 20±15 16±6 

ș rest 0.30±0.06 0.38±0.11 0.30±0.11 0.32±0.11 0.30±0.15 0.24±0.09 

�•ș  5.6±2.3 8.0±8.1 5.3±3.0 5.0±3.1 5.0±3.4 4.0±1.4 

� exercise 30±13 29±22 25±13 29±13 19±9 21±18 

ș exercise 0.48±0.14 0.48±0.15 0.52±0.27 0.47±0.15 0.48±0.35 0.56±0.22 

�•ș exercise 13.9±5.5 12.4±8.2 12.0±9.2 13.1±5.9 8.7±5.3 10.5±6.9 

Values are means SD; n, no. Of subjects. �, myocardial blood volume; ș, myocardial blood flow velocity; �•ș 
myocardial blood flow. 

 

 
Fig. 2. Myocardial blood flow reserve (MBFr) in HAPE-susceptible (HAPE-S) subjects on placebo, HAPE-S on 
treatment, and control subjects, showing a significant increase in the MBFr in the latter two groups, but no 
change in the first. Values are means ± SD. *significant increase in MBFr at 4.559 m compared with 490 m,  
P < 0.05. 
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Fig. 3. Correlation between changes (ѐ) from low to high altitude in pressure gradient tricuspid regurgitation 
(dP TR) and MBFr in the three groups. �, Subjects ultimately developing HAPE. 

DǇŽĐĂƌĚŝĂů�ďůŽŽĚ�ǀŽůƵŵĞ�ĂŶĚ�ĨůŽǁ�ǀĞůŽĐŝƚǇ�ƌĞƐĞƌǀĞ�

� reserve and β reserve did not differ significantly between the groups at low altitude. 
At high altitude, � reserve did not change in any group compared to low altitude. Also, 
ultimate development of HAPE did not have an influence on � reserve (Figure 4). The β 
reserve did not change (∆) from low to high altitude in control subjects and HAPE-S on 
treatment (∆ 0.2±1.7), but tended to decrease in HAPE-S on placebo (∆ -0.4±1.2). This 
was particularly evident in those ultimately developing HAPE, compared with those not 
developing HAPE, in whom β reserve was lower (Figure 4). The difference in β reserve 
at high altitude between these two groups was of borderline statistical significance 
(p=0.053). 
 

 

Fig.4. � reserve (left) and β reserve (right) in subjects not developing HAPE vs. subjects developing HAPE.
Whereas � reserve did not change in either group, β reserve showed a decrease in subjects developing HAPE.
Values are means ±CD. *β reserve at high altitude. P = 0.053 between the two groups. 
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DISCUSSION 

The main finding of the present study is that HAPE-susceptible individuals on placebo 
exhibit a reduced MBFr compared to either treated HAPE-susceptibles or healthy con-
trols at high altitude. 
 MBF during rest and exercise is regulated by mechanical and metabolic vasodilatory 
factors. Important mechanical factors are the pressure gradient and the resistance 
across the myocardial microvasculature. The resistance is determined by the anatomy 
of the coronary vasculature and by blood viscosity 22. There are a number of factors 
thought to be involved in local control of MBF, including adenosine, ATP-sensitive po-
tassium channels, and NO 23-25. In addition, sympathetic nervous system activation dur-
ing exercise has been shown to contribute to exercise vasodilation, independent of its 
effect on local vasodilators 26. 
 Myocardial edema caused by pulmonary hypertension has been implicated in LV 
dysfunction in experimental studies 27. In our study, the myocardial thickness was not 
different at low or high altitude and between groups, and thus there was no evidence of 
myocardial edema as a cause of reduced flow reserve. Also, while blood pressure at rest 
at low altitude was slightly lower in control subjects, there were no differences in blood 
pressure during exercise at low altitude and during rest and exercise at high altitude. 
Right atrial pressures were not measured in this trial. However, we did not find Doppler- 
echocardiographic evidence (e.g., reduced variability of vena cava inferior during the 
breathing cycle) for increased right atrial pressure (data not shown), which is compati-
ble with previous invasive data 28. It seems, therefore, unlikely that a reduction in coro-
nary driving pressure was responsible for the reduced MBFr in HAPE-S on placebo. Simi-
larly, there were no significant differences in hematocrit between groups, arguing 
against differences in blood viscosity between groups as an explanation for the differ-
ences in MBFr 29. 
 An important consideration when comparing blood flow reserve between different 
subjects is the metabolic demand at rest and during exercise. The RPP as an indicator of 
cardiac metabolic demand was comparable between groups, both at rest and during 
exercise at low and high altitude. There was only a small difference during exercise at 
high altitude, owing to a lower RPP in HAPE-S on prophylactic treatment, whereas the 
response in HAPE-S and controls was similar. Of note, the RPP during exercise at high 
altitude were not significantly different from exercise values at low altitude, indicating 
that reducing the exercise workload at high altitude to 28% of the maximally attained 
workload (in Watts) as opposed to the exercise level of 40% of maximum used at low 
altitude was indeed justified. 
 Oxygen saturation significantly differed between groups at rest at high altitude. 
Given the almost complete oxygen extraction in the myocardium, this could cause dif-
ferences in resting blood flow between groups. However, when comparing normalized 
�•ș at rest at high altitude, there were no statistically significant differences, albeit 
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with a trend to higher values for HAPE-S on placebo. In addition, both oxygen saturation 
values during exercise and the relative changes from rest to exercise did not significant-
ly differ between groups. Thus, while we cannot exclude some contribution of higher 
blood flow at rest in HAPE-S on placebo to the reduced MBFr in this group, our data 
indicate that this does not fully explain the differences we found in MBFr. 
 In our study, we used MCE to assess MBFr for two reasons. First, MCE is the only 
known technique capable of rendering data on MBFr in a bedside manner, and thus the 
only technique that can reasonably be applied at high altitude. Second, MCE has the 
unique property to yield data not only on MBFr, but also on its individual components, 
myocardial blood volume, and blood flow velocity. In the normal myocardial microcircu-
lation, the increase in blood flow during exercise is governed mainly by a decrease in 
resistance in the resistance arterioles and the capillary bed 30,31. Capillary resistance can 
only decrease through recruitment of previously nonperfused capillaries during exercise 
on response to increased cellular oxygen requirements. In MCE, changes in the number 
of functioning capillaries will translate into a change in the A value representing myo-
cardial blood volume. Conversely, the resistance arterioles rely on an intact endothelial 
and smooth muscle function to lower resistance. Decreasing the resistance in arterioles 
results in an increase in MBF velocity represented by the ș value in MCE. Our results 
indicate that the � reserve is not reduced in HAPE-S individuals on placebo developing 
pulmonary edema. Therefore, capillary recruitment during exercise does not seem to be 
affected in these individuals. In contrast, reduced ș reserve was the main trigger for 
reduced MBFr in HAPE-S individuals on placebo, particularly those developing HAPE. 
Thus the reduced MBFr appears to be caused by a lesser decrease in arteriolar re-
sistance rather than a lack of capillary recruitment during exercise, suggesting a re-
duced vasodilatory capacity in the coronary microcirculation. 
 Several studies have suggested a reduced availability of NO as the underlying mech-
anism for the exaggerated pulmonary vasoconstriction in response to hypoxia in HAPE-S 
individuals 8,10,32. However, studies examining the physiological control of coronary 
blood flow during exercise performed in animals have failed to establish a clear role for 
NO in exercise induced coronary vasodilation 33. In fact, the exact mechanism leading to 
an increase in blood flow in the myocardial circulation during exercise remains largely 
unknown. However, the mechanisms for microcirculatory blood flow regulation at high 
altitude may well differ from animal studies during normoxia used for the definition of 
the role of NO in coronary vasodilation. Additionally, in our study, HAPE-S treated with 
either dexamethasone or the phosphodiesterase inhibitor tadalafil, agents known to 
influence either the production of NO in the pulmonary vasculature (dexamethasone), 
or to amplify the effect of NO by inhibiting the breakdown of cGMP (tadalafil) 34, 35 pre-
vented the decrease in MBFr in the untreated HAPE-S. It is thus possible that, in the 
specific pathological situation of HAPE, a decreased availability of NO in the myocardi-
um may limit MBFr, but further studies are needed to provide definitive evidence for 
this concept. 
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 MBFr at high altitude has not been measured in normal individuals before, but there 
is one study using positron emission tomography to determine MBFr in normal subjects 
during hypoxia, corresponding to an altitude of 4,500 m for �1h. In that study, similar to 
our results, an increase in MBFr was noted during hypoxia 17. The fact that this is not the 
case in HAPE-S individuals on placebo is in line with a recent study 14 showing reduced 
endothelial function in the systemic circulation in HAPE-S individuals by measuring fore-
arm blood flow in response to acetylcholine during 4 h of hypoxia. The present study 
extends the findings of that study to a physiological setting, where the increase in blood 
flow is not produced by a pharmacological intervention, but by exercise at high altitude. 
Furthermore, we show that reduced vasodilator capacity may be present not just acute-
ly, but also after exposure to high altitude for 24 h. 
 Diastolic LV function has been examined at high altitude in HAPE-S and HAPE-
resistant subjects in two studies 2, 36. Some changes in diastolic function with an in-
crease in atrial contraction were observed, leading to a new concept of compensated 
diastolic dysfunction. However, as previously reported, we found no correlation be-
tween changes in diastolic function and changes in PAPs from low to high altitude, im-
plying that the two entities may be largely unrelated 36. In addition, we found no rela-
tionship between alterations in MBFr and LV diastolic function at rest. However, further 
studies should determine whether a hemodynamically relevant diastolic dysfunction 
may occur during exercise in a subset of mountaineers actually developing HAPE and a 
reduced MBFr. 
 Some limitations have to be taken into consideration when interpreting this study. 
First, all HAPE-S study subjects were taking part in a trial testing whether the phos-
phodiesterase-5 inhibitor tadalafil, a selective pulmonary vasodilator, and dexame-
thasone prevent HAPE 16. Both drugs effectively reduced the incidence of HAPE, and 
thus a relatively small number of subjects eventually developing HAPE were included in 
this study. Nevertheless, we found a significant effect of altitude and subsequent devel-
opment of HAPE on MBFr. Importantly, prevention of HAPE by these drugs also pre-
vented reduction in MBFr, with no differences between the two drugs. Second, we 
cannot exclude an influence of the altered hemodynamics at high altitude on MBFr. 
However, the fact that an increase in MBFr at high altitude was seen in those not devel-
oping HAPE, despite an increase in PAP, argues against altered hemodynamics as the 
main reason for our findings. Third, the exercise workload at high altitude was reduced 
by 30% with respect to the workload at low altitude to account for an expected reduced 
maximal exercise capacity, which was based on previous findings. A separately conduct-
ed maximal exercise test showed that this assumption was adequate (maximal workload 
258±60 W at low altitude vs. 180±46 W at high altitude). Finally, a considerable number 
of subjects were excluded from analysis due to insufficient image quality. The decision 
to exclude subjects from the analysis was taken by the two investigators blinded to all 
other data, and thus the introduction of a bias in the study population seems unlikely. 
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However, it should be noted that the excluded subjects were, on average, slightly heav-
ier, with higher body mass index, than the subjects ultimately included in the study. 
 In conclusion, our data indicate that HAPE-S individuals on placebo show reduced 
exercise-induced MBFr compared with normal individuals when exposed to hypoxia at 
high altitude. This reduction may be prevented by treatment with either dexame-
thasone or sildenafil. Because HAPE susceptibility is relatively common in the general 
population, these findings might have implications, not only for subjects exposed to 
high altitude, but also in those with other causes of hypoxia. 
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ABSTRACT 

Aims: To study the potential influence of the variability in the assessment of echocardi-
ographically measured left ventricular ejection fraction (LVEF) on indications for the 
implantation of internal cardioverter defibrillator and/or cardiac resynchronization 
devices in heart failure patients. 
 
Methods and results: TIME-CHF was a multicenter trial comparing NT-BNP versus symp-
tom-guided therapy in patients aged ш60 years. Patients had their LVEF assessed at the 
recruiting centre using visual assessment, the area-length or biplane Simpson’s method. 
Echocardiographic data were transferred to the study core-lab for re-assessment. Re-
assessment in the core-lab was done with biplane Simpson’s method, and included an 
appraisal of image quality. 413 patients had the LVEF analyzed at the recruiting centre 
and at the core lab. Image quality was optimal in 191 and suboptimal in 222. Overall, 
the correlation between LVEF at the recruiting centres and at the core-lab was good, 
independent of image quality (R²=0.62). However, when a LVEF <=30% or >30% was 
used as a cut-off, about 20% of all patients would have been re-assigned to having ei-
ther a LVEF above or below the cut-off, this proportion was not significantly influenced 
by image quality. 
 
Conclusions: The correlation between LVEF assessed by different centres based on the 
same ultrasound data is good, regardless of image quality. However, one fifth of pa-
tients would have been re-assigned to a different category when using the clinically 
important cut-off of 30%. 
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INTRODUCTION 

Large trials have shown a survival benefit after the implantation of an internal cardio-
verter defibrillator (ICD) or cardiac resynchronization therapy (CRT) in patients with a 
severely reduced left ventricular ejection fraction (LVEF) 1-3. One of the selection criteria 
in these trials was the reduction of LVEF below a predefined threshold, and transthorac-
ic echocardiography was one of the accepted imaging methods for assessing LVEF. Simi-
larly, guidelines for the treatment of heart failure advocate the initiation of angiotensin 
converting enzyme inhibitor and ș-blocker therapy using predefined LVEF cut-offs 4, 5. 
Therefore, important treatment decisions in this patient group with a high mortality are 
currently based on the measurement of LVEF by transthoracic echocardiography, both 
in large randomized clinical trials but also in daily clinical practice. 
 However, although validated as a prognostic indicator in cardiac diseases 6, 7 and 
successfully used in clinical trials to detect even small changes in ejection fraction in 
large patient groups 8-10, the measurement of LVEF by 2-dimensional transthoracic 
echocardiography is fraught with a considerable interobserver variability. 3-dimensional 
echocardiography and left ventricular opacification with 2nd generation contrast media 
have been shown to improve the accuracy of the measurement of LVEF. However, de-
spite recommendations by recent guidelines 11, these newer methods are not yet widely 
used in daily clinical practice. Therefore, assessment of LVEF for the selection of thera-
pies like ICD or CRT are most often performed by 2-dimensional echocardiography. 
Given the inherent risks of ICD and CRT implantation and the associated costs, the best 
possible accuracy in measurement of the LVEF is warranted. In this study we investigat-
ed the variability in the assessment of LVEF with 2-dimensional echocardiography, and 
the potential impact of this variability on treatment decisions. We also aimed to relate 
variability in the assessment of LVEF and its effect on treatment decisions to the image 
quality of the echocardiographic exams and to investigate other potential predictors of 
variability. We performed this analysis in a large, real world heart failure population. 

METHODS 

^ƚƵĚǇ�ƉŽƉƵůĂƚŝŽŶ�

TIME-CHF was a multicenter trial comparing an intensified, BNP-guided treatment 
strategy with a conventional medical treatment strategy in patients aged 60 years or 
more with heart failure irrespective of LVEF. The design of the TIME-CHF trial has been 
described elsewhere in detail 12, 13. Briefly, patients with dyspnea (New York Heart Asso-
ciation class II or higher on current therapy), a history of hospitalization for heart failure 
within the past year, and an elevated N-terminal BNP level (>400pg/ml in patients <75 
years, and >800pg/ml in patients ш75 years of age) were recruited in 15 tertiary and 
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secondary hospital centers in Switzerland and Germany. Exclusion criteria were dyspnea 
not mainly due to heart failure, valvular heart disease requiring surgery, acute coronary 
syndrome within ten days before study inclusion, angina pectoris >CCS 2, revasculariza-
tion within the month before study inclusion, body mass index >35, serum creatinine 
>2.49mg/dL, a life expectancy of less than 3 years due to non-cardiovascular causes, 
inability to give informed consent, follow-up impossible, or participation in another 
study. All patients gave written informed consent. The study was approved by the local 
ethics committee of each participating center. Overall, 622 patients were included in 
the TIME-CHF trial. 

^ƚƵĚǇ�WƌŽƚŽĐŽů�

Upon inclusion in the study, patients had transthoracic echocardiography performed at 
the recruiting center by a board certified cardiologist trained in echocardiography. 
Standard clinical ultrasound equipment was used for acquisition of cine loops docu-
menting left ventricular function from parasternal and apical acoustic windows with 
broadband transducers operating in harmonic imaging mode. The LVEF was determined 
by the treating cardiologist at the recruiting hospitals either by visual assessment or 
using tracking of the endothelial border and accepted mathematical models (Biplane 
Simpson's method or area length method). The echocardiographic studies were stored 
digitally and transferred to the echocardiography core laboratory at the University Hos-
pital of Basel. Clinical data were derived from the central database of TIME-CHF. Of the 
622 patients, 413 (66.4%) had a complete set of echocardiographic images transmitted 
to the core laboratory, and comprise the patient group for the present study. 
 At the core laboratory, the LVEF was re-assessed by two readers (SYM and KG) 
blinded to results from the recruiting center. The LVEF was determined from planimetry 
of cineloops of the apical 4- and 2-chamber windows at end-diastole and end-systole 
using biplane Simpson's method according to the recommendations of the American 
Society of Echocardiography 14, leaving the papillary muscles and trabeculations within 
the cavity. The interobserver variability for these two readers was determined in a ran-
domly selected subset of 30 patients for each of the two reader by re-assessment of a 
third reader (BAK) blinded to the LVEF values. Interobserver variability was 4.8±3.8% for 
SYM and 4.5±3.3% for KG. Regional wall motion was rated for the anterior, inferior, 
septal lateral, and apical myocardial segments by the same readers on a 5-point scale 
(1=normal, 2=mild hypokinesia, 2= severe hypokinesia, 3= akinesia, 4= dyskinesia). The 
presence of a 2 or more points difference in wall motion score between adjacent seg-
ments was considered to represent a regional wall motion defect. Image quality was 
assessed independently by a third investigator (BAK) without knowledge of the LVEF 
values or clinical details. Image quality was rated as bad when only 50-60% of the endo-
cardial border could be well visualized in any of the standard apical image planes, as fair 
when 60-74% of the endocardial border could be discerned, and as good when 75-100% 
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of the endocardial border was visible15. For the present analysis, subjects were classified 
into a group with optimal image quality (those classified as having good image quality) 
and suboptimal image quality (those having bad or fair image quality). 

^ƚĂƚŝƐƚŝĐƐ�

Statistical analyses were performed using SPSS Version 16.0 (SPSS Inc.). Variability was 
defined as the absolute difference between the two LVEF measurements. Continuous 
variables were compared between subgroups using a t-test or Mann-Whitney u test, as 
appropriate. Categorical variables were compared using Fisher’s exact test. Correlations 
were assessed using linear regression analysis, followed by Bland Altman analysis for 
assessing the agreement between the two LVEFs. Multivariate linear regression was 
used for assessment of potential predictors of high interobserver variability. A p value 
<0.05 was considered statistically significant. 

RESULTS 

WĂƚŝĞŶƚ�ĐŚĂƌĂĐƚĞƌŝƐƚŝĐƐ�

The table shows basic parameters and clinical parameters that may be relevant to 
echocardiographic image quality.  
 
Table. Clinical characteristics in the overall study patients and in patientswith suboptimal versus good image 
quality. 

 Overall  Echo quality  

  Optimal  Suboptimal  p 

 n=413 n=191 n=222  

Age (yrs±SD) 77.5±7.5 78.0±7.3 77.1±7.7 0.22 

BMI (kg/m2±SD) 25.4±4.4 24.5±4.3 26.5±4.4 <0.0001 

Male (%) 240 (58.0) 111 (58.1) 129 (58.1) 1.0 

Systolic dysfunction (%)1 329 (79.7) 147 (77.0) 182 (82) 0.22 

CAD 281 (68.0) 126 (66.0) 145 (69.8) 0.46 

RWMD 163 (39.5) 77 (40.3) 85 (38.3) 0.78 

Cardiomyopathy 61 (14.8) 28 (14.7) 33 (19.9) 0.87 

COPD 83 (20.1) 37 (19.4) 46 (20.7) 0.80 

Abbreviations: BMI = body mass index, CAD = coronary artery disease, RWMD = regional wall motion defect, 
COPD = chronic obstructive pulmonary disease. 1 Systolic dysfunction defined as LVEF ≤45% . 

 
Of the 413 patients included, 191 (46%) had a good image quality, while 157 (38%) had 
a fair image quality and 65 (15.7%) had a bad image quality. Thus, 191 (46%) of the 
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patients were classified as having an optimal image quality, and 222 (54%) as having a 
suboptimal image quality. Patients in the group with suboptimal image quality had a 
higher body mass index. No difference was seen in the presence of systolic dysfunction, 
coronary artery disease, cardiomyopathy of chronic obstructive lung disease. The LVEFs 
assessed at the core laboratory ranged from 15% to 75%, the ones assessed at the re-
cruiting centers from 8% to 77%. 171 (41%) of the patients had a LVEF that was as-
sessed as ≤35% at the core lab. Two hundred nine patients from the original TIME-CHF 
study population were not included in the present study, either because of the unavail-
ability of digital image sets from two recruiting centers, or because of incomplete imag-
ing datasets. Regarding the basic and clinical parameters, these 209 patients differed 
from the included patients in that they were younger (75.8±7.6 years vs. 77.5±7.5years, 
p=0.007), and in that they had a lower proportion of coronary artery disease (56.9% vs 
68.0%, p=0.008), but there were no differences regarding BMI, gender, systolic dysfunc-
tion, cardiomyopathy, COPD or LVEF as reported by the recruiting center. 

sĂƌŝĂďŝůŝƚǇ�ŝŶ�ĚĞƚĞƌŵŝŶĂƚŝŽŶ�ŽĨ�>s�&�

For the whole patient population, there was a highly significant correlation between the 
two measurements of LVEF with an R2 of 0.62. However, Bland-Altman analysis showed 
a wide 95% confidence interval of the differences ranging from -17.4 to +17.8% despite 
a small overall bias of 0.2% (Figure 1), and the variability between the recruiting center 
and the core lab was 14.1±10.9%. When the whole patient population was separated 
into patients with optimal image quality and patients with suboptimal image quality, the 
correlation for the two measurements remained highly significant for both subpopula-
tions with an R2 of 0.65 in the subpopulation with optimal image quality, and an R2 of 
0.59 in the subpopulation with suboptimal image quality. Bland-Altman analysis again 
showed small biases for both subpopulations (1.0% in the subpopulation with good 
image quality, and 1.3% in the subpopulation with suboptimal image quality). However, 
the 95% confidence intervals were large for both subgroups, though somewhat smaller 
in the subpopulation with optimal image quality (95% CI -16.3% - +18.4% in the sub-
population with optimal image quality, 95% CI -16.5% - +19.1% in the subpopulation 
with suboptimal image quality) (Figure 2). Variability between LVEF assessment in the 
recruiting centers and measurements at the core lab was 14.5±10.3% for the subpopu-
lation with optimal image quality, and 13.8±10.3% for the subgroup with suboptimal 
image quality (p=0.23 for the difference between the 2 subgroups). 
 Overall, the median of the difference between the two LVEF measurements was 
5.2% (IQR 2.5-9.6). Only a limited number of significant predictors for this difference 
could be identified in univariate analysis. Thus, it was smaller in male subjects (median 
[IQR] 4.4% [2.4-8.6%]) compared to female (6.6 [2.6-11.1], p=0.004). Furthermore, a 
larger difference was correlated with higher heart rate (r=0.12, p=0.01), shorter QRS 
duration (r=-0.11, p=0.03), and smaller LV ventricles (end-diastolic volume of LV 
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[LVEDV] r=-0.17, p=0.001). Other predictors were not significantly correlated with dif-
ference between the two measurements, particularly body mass index, presence of 
COPD, cause of heart failure, and the centre where initial assessment was done. In mul-
tivariate analysis, the only independent predictor was the LVEDV.  
 163 patients (39%) in the whole study population had regional wall motion abnor-
malities. These patients showed a highly significant correlation between the two meas-
urements of LVEF (R2 of 0.38, p<0.0001). Again, Bland-Altman analysis showed a wide 
95% confidence interval of the differences ranging from -15.5 to +17.1% with an overall 
bias of 0.8%. 
 

 

Fig. 1. (A) Correlation between LVEF measured at the recruiting center and biplane LVEF measured at the core 
laboratory by linear regression analysis (solid line) for the whole patient group. (B) Bland-Altmann plot of the 
same data, dashed lines specify mean difference of the measurements, dotted lines the corresponding 95%
confidence interval (Cl). 
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Fig. 2. (A) Correlation between LVEF measured at the recruiting center and biplane LVEF measured at the core
laboratory by linear regression anatysis (solid line) for the patients with optimal image quality. (B) Bland-
Altmann plot of the same data, dashed lines specify mean difference of the measurements, dotted lines the
corresponding 95% confidence interval (Cl). (C) Correlation between LVEF measured at the recruiting center 
and biplane LVEF measured al the core laboratory for the patients with suboptimal image quality. (D) Bland-
Altmamm plot of the same data. 

 
Potential influence of the reliability in determination of LVEF on clinical decision-making 
Discrete LVEF thresholds are used for important clinical decisions, and therefore we 
examined what potential influence the intercenter reliability in the determination of 
LVEF could have on situating an individual patient above or below commonly used 
threshold values (Figure 3). For a threshold of an LVEF of 30%, in the whole patient 
population, 21.1% of all patients changed from either ч30% to >30% or vice versa. For 
the same threshold, the percentages of re-assignment were 23.0% for patients with 
optimal image quality and 19.4% for patients with suboptimal image quality (p for the 
difference in proportions 0.40). For a threshold of an LVEF of ч35%, 16.9% were re-
assigned in the whole patient population. For patients with optimal image quality the 
percentage of re-assignment was 16.2%, for patients with suboptimal image quality 
17.6% (p for the difference in proportions 0.79). For a threshold of an LVEF of ч40%, 
13.6% were re-assigned in the whole patient population. For patients with optimal im-
age quality the percentage of re-assignment was 13.1%, for patients with suboptimal 
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image quality 14.1% (p for the difference in proportions 0.39). For the threshold of a 
normal LVEF of ш55%, 6.3% were re-assigned in the whole patient population, 5.9% in 
the subpopulation with optimal image quality, and 6.8% in the subpopulation with 
suboptimal image quality (p for the difference in proportions 0.69). 
 

 

Fig. 3. Correlation of LVEF measured at the recruiting center and biplane LVEF measured at the core laborato-
ry for (A) the whole patient group, (B) patients with optimal image quality, and (C) patients with suboptimal 
image quality. Those datapoints for which a reclassification from ч30% to >30% occurred are shaded in grey. 

DISCUSSION 

Our study shows a high variability in the evaluation of LVEF in a large study of patients 
with heart failure with both reduced ejection fraction and normal ejection fraction. This 
high variability resulted despite the fact that the same image material was used for 
analysis at the recruiting center and at the echocardiography core laboratory. Using 
commonly accepted cut-offs for the implantation of ICD or CRT, 15-20% of all patients 
were re-classified as having a LVEF above or below the cut-offs when the images were 
re-assessed. Neither the variability in LVEF assessment between hospital centers nor 
the percentages of patients re-classified depended significantly on the quality of the 
acquired ultrasound images. The only independent predictor of a high variability in LVEF 
measurements was a smaller left ventricle. 
 Interobserver reliability. The numeric assessment of LVEF is the single most im-
portant measurement in cardiology with a profound influence on diagnosis and man-
agement of patients. Hence, it is of utmost importance that this measurement is relia-
ble and reproducible. While other imaging modalities in use in current cardiology prac-
tice (angiography, SPECT, MRI, CT, RNA) can provide measurements of LVEF, two-
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dimensional echocardiography is by far the most commonly employed method. Two-
dimensional echocardiography for the measurement of LVEF relies on either a visual 
assessment of ventricular function, or on tracings of the endocardial borders and calcu-
lation of LVEF using geometric models (Simpson's biplane analysis, area length method). 
In comparison to other imaging modalities, two-dimensional echocardiography has the 
disadvantages of (I) dependence on unequivocal endocardial border delineation, which 
is not uniformly achieved in all echocardiographic images, and (II) reliance on geometric 
assumptions in the case of LVEF measurement by Simpson's biplane method or area 
length method. The accuracy of these echocardiographic methods for the assessment 
of LVEF in comparison with SPECT, MRI and CT has been studied extensively 16-18 and 
overall correlations have been shown to be good. Thus, 2-dimensional echocardiog-
raphy is a valuable tool for assessing treatment effects in therapeutic trials. However, 
there has been concern regarding interstudy, interobserver and intraobserver variability 
of 2-dimensional echocardiographic measurements of LVEF, especially with regards to 
the serial assessment of changes in ejection fraction, and inclusion or exclusion of sub-
jects into studies where LVEF thresholds are used as inclusion criteria. By the design of 
the present study, the LVEF assessment at the recruiting hospital was done either by 
visual assessment, Simpson's biplane or area length assessment, and thus the 95% con-
fidence interval of the differences do not represent a strict measurement of interob-
server variability. Nevertheless, the variabilities in our study correspond to previously 
published values of interobserver variability 19, 20, while others have published lower 
values 21-23. An important difference between the cited studies and our data is that we 
investigated the variability between hospital centers in the assessment of LVEF in a 
large, real world clinical heart failure trial, while the cited studies were conducted spe-
cifically to assess the accuracy and interobserver variability of different imaging meth-
ods for the assessment of LVEF in a lower number of subjects. Thus, our study can be 
assumed to more reliably indicate the variability of LVEF measurements as performed in 
routine cardiology practice. The variability in the assessment of LVEF in our study was 
largely independent of the quality of the echocardiographic images. Others have de-
scribed a better agreement for echocardiography with other imaging techniques in 
those patients with better image quality 15. In our study, 53.8% of patients were 
deemed to have a suboptimal image quality, which seems to be a relatively high num-
ber. The large percentage of patients with suboptimal image quality may be due to the 
fact that a real world population was examined. More importantly, the assessment of 
image quality was performed at the core lab to assess its effect on the reliability in 
measurement of LVEF and reclassification above or below a threshold. To our own sur-
prise, image quality did not have a significant impact on variability, and thus image qual-
ity did not impact the main study results. However, our dataset is likely to more closely 
reflect a real-world situation than data from dedicated imaging studies. Importantly, 
only a very limited number of factors potentially influencing the variability could be 
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indentified in this study. Of these variables, only the enddiastolic volume of the LV was 
an independent, albeit very limited predictor. 
 Reclassification. A large proportion of patients were reclassified below or above 
clinically relevant thresholds when the echocardiographic images were reassessed. 
These proportions were similar for cut-offs of 30%, 35%, and 40%, all of which are im-
portant for clinical decision-making. The proportion of reclassification was lower regard-
ing the cut-off of a normal LVEF, but this seems to be due to the smaller number of 
patients included in this study with normal LVEF. Previous information on reclassifica-
tion is very limited. Thus, Chuang et al compared 2 dimensional echocardiography with 
CMR with regards to classification of LVEF as normal (ш55%), depressed (LVEF >35% to 
55%) or severely depressed (ч35%) in a total of 35 patients, and found that up to 44% of 
patients were classified differently by echocardiography. Similarly, Ray et al. 24 com-
pared 2D echocardiography to radionuclide ventriculography in 70 patients, and found 
that 40% of patients would have been classified differently depending on the imaging 
test used. Given the far-reaching consequences of placing individuals above or below a 
certain LVEF threshold, especially with regards to device implantation, the high rate of 
reclassification in our study is worrying, as it may lead to higher numbers needed to 
treat both in clinical trials, but also in real world patients. Contrast-enhanced echocar-
diography and three-dimensional echocardiography have been shown to improve both 
the accuracy of LVEF determinations when compared to reference methods, as well as 
to reduce interobserver variability20, 25. However, the benefit of these new techniques 
with regards to misclassification of patients above or below LVEF cutoffs remains to be 
determined. In addition, our data indicate that studies, especially single center studies, 
that are specifically designed to test the accuracy and reproducibility of imaging meth-
ods, tend to underestimate the measurement variability observed in clinical practice.  
 Study limitations. LVEF assessment at the recruiting hospital centers was done ac-
cording to the preferences of the investigators with either visual assessment or biplane 
Simpson's method, whereas in the echocardiographic core laboratory all LVEFs were 
measured using biplane Simpson's method. Thus, we do not report a true interobserver 
variability. This may have increased the variability we report in this study. Also, the fact 
that the readers at the core lab, but not the cardiologist at the recruiting center were 
blinded for the clinical characteristics of the patient might have further increased varia-
bility. However, differences in the methodology used for LVEF assessment are the reali-
ty in clinical practice, and thus our data closely reflect the true variability of LVEF meas-
urements with two-dimensional echocardiography in daily clinical practice. Also, the 
assessment of echocardiographic image quality was done on a subjective basis, while 
others have assessed image quality based on criteria that take into account the extent 
of endocardial border visualization21, 25. However, there are no universally accepted 
criteria for image quality. For the purpose of assessing the influence of image quality on 
LVEF, which is a global measurement of left ventricular function, in our view, a subjec-
tive assessment is sufficient, particularly because this is also done accordingly in daily 
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clinical practice. Furthermore, the influence of image quality on the variability was very 
limited in this study. 
 Conclusions. Conventional 2D echocardiographic assessment of LVEF carries with it a 
considerable variability. This variability is not dependent on overall image quality and 
identification of factors potentially influencing this variability is very limited. A signifi-
cant proportion of patients (i.e. 15-20%) would have been re-assigned to a different 
LVEF category upon reassessment of the echocardiographic images. Thus, the reported 
variability in LVEF assessment appears to have an important potential impact on clinical 
decision-making, especially on the indication for the implantation of an ICD or CRT de-
vice. Whether the standard use of biplane Simpson’s method for LVEF calculations or 
other imaging modalities would reduce variability of LVEF assessment and its impact on 
clinical decision-making, and, importantly, would also be applicable in clinical practice 
remains to be determined. 
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ABSTRACT 

Background: Limited data is available on the accuracy of quantification methods for left 
atrial (LA) volumes using two-dimensional (2DE) and particularly real-time three-
dimensional (RT3DE) echocardiographic methods in comparison with a reference stand-
ard. Our aim was to perform a head-to-head comparison between 2DE and RT3DE 
methods with magnetic resonance imaging (MRI) as standard of reference. 
 
Methods: LA volumes derived from 2DE methods (i.e. biplane modified Simpson’s, bi-
plane area-length and prolate ellipse method) and from RT3DE methods (i.e. 4D LA 
Analysis and QLAB) of sixty consecutive patients were compared to MRI. Offline analysis 
time was recorded. 
 
Results: Biplane modified Simpson’s and the area-length method showed good intra-
class correlation with MRI for maximum (r=0.70 and r=0.69, p<0.001) and minimum 
(r=0.83 and r=0.82, p<0.001) volumes. While RT3DE methods led to a moderate in-
crease in correlation for maximum (r=0.94 and 0.70, p<0.001) and minimum (r=0.95 
and r=0.90, p<0.001) volumes and narrower Bland-Altman limits of agreement than 2DE 
methods, offline analysis time was higher for RT3DE (155-161 versus 103-144 seconds).  
 
Conclusions: Simpson’s and area-length methods offer reasonable accuracy for LA 
chamber quantification across a broad range of volumes, while RT3DE methods lead to 
a moderate improvement in accuracy at the cost of more elaborate offline analysis. 
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INTRODUCTION 

As a consequence of the ongoing technical advancements of echocardiography, novel 
methods for the measurement of left atrial (LA) volumes have been developed. While 
M-Mode measurement of the LA anterior-posterior diameter represents a simple uni-
dimensional assessment of LA size, the introduction of two-dimensional echocardiog-
raphy (2DE) has led to volume based methods. The latter, namely the biplane area-
length formula or the biplane modified Simpson’s rule, are recommended by the guide-
lines for measuring LA volumes because of their higher accuracy and stronger prognos-
tic value.1, 2 2DE methods, however, rely heavily on estimates based mathematical for-
mulas based on geometrical assumptions. Finally, the advent of real-time three-
dimensional echocardiography (RT3DE) has enabled volumetric and functional quantifi-
cation based on real anatomical configurations. Initially, RT3DE LA analysis was per-
formed using free hand3 or semi-automated slice-by-slice contouring,4, 5 and later by the 
utilization of software analysis tools using semi-automated contour-tracing or edge-
detection algorithms originally developed for left ventricular quantification.6, 7 Software 
tools specifically dedicated to LA quantification have only recently been introduced.8 
 The accuracy of LA assessment may be of clinical importance as it has repeatedly 
been suggested that size and function serve as an independent predictor for adverse 
outcomes in a variety of clinical conditions such as myocardial infarction, atrial fibrilla-
tion, or heart failure. 9-15 Even though some of the available techniques for LA chamber 
quantification have been compared with each other4, 5, 16-18 and to some extent have 
been validated against independent reference standards such as magnetic resonance 
imaging (MRI) or computer tomography,6-8, 19-21 there remains a lack of comprehensive 
data comparing 2DE quantification methods and the more recently established RT3DE 
techniques against an independent reference standard. Particularly, the gain in accura-
cy through the use of presumably more elaborate RT3DE techniques remains to be 
elucidated. 
 Therefore, the aim of the present study was to perform a comprehensive head-to-
head comparison of commonly available techniques for LA chamber quantification using 
2DE and 3DRTE with cardiac MRI serving as standard of reference.20 
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METHODS 

WĂƚŝĞŶƚ�WŽƉƵůĂƚŝŽŶ�

Sixty consecutive patients scheduled for pulmonary vein isolation due to symptomatic 
persistent or paroxysmal atrial fibrillation who underwent clinically indicated cardiac 
MRI were prospectively enrolled in the present study. Echocardiography was performed 
in all patients on the same day as MRI and patients were enrolled regardless of the 
quality of the acoustic window obtained during acquisition. Informed consent was ob-
tained from all patients and the study protocol was approved by the local institutional 
review board. 

�ĐŚŽĐĂƌĚŝŽŐƌĂƉŚŝĐ�/ŵĂŐĞ��ĐƋƵŝƐŝƚŝŽŶ�ĂŶĚ�YƵĂŶƚŝĨŝĐĂƚŝŽŶ�

Image acquisition was performed in all participants in the lateral recumbent position 
using a commercially available echocardiography system (iE33, Philips Medical Systems) 
equipped with a 2.5-MHz to 3.5-MHz matrix array transducer (X3-1 and X5-1, Philips 
Medical Systems) by a trained sonographer and following a standardized protocol. 
Parasternal long-axis and apical long-axes were acquired for 2D imaging. For RT3DE, an 
apical view enabling full coverage of the LA was selected and lateral sector size was 
carefully adjusted to achieve the highest possible frame rate during image acquisition. 
Trigger delay was set to 300ms after the electrocardiographic QRS complex to ensure 
temporal coverage of the entire diastole using a full-volume loop. The gain settings 
were adjusted to a high-midrange level to allow for additional adjustments during post-
processing. All datasets were acquired during a breathhold. Two to four datasets were 
obtained per patient. All datasets were transferred to a dedicated workstation for of-
fline analysis. Measurements of 3D LA volumes were performed with two different 3D 
quantification software packages: QLAB Advanced Quantification (Version 8.1, Philips 
Medical Systems) and 4D LA Analysis (TomTec Imaging Systems). QLAB was initially 
developed for left ventricular analysis and requires identification of five anatomic land-
marks (septal, lateral, anterior, and inferior mitral annulus and posterior wall of the left 
atrium) at end-diastole and end-systole. Automatic edge detection is then performed, 
and LA borders are tracked throughout the entire cardiac cycle (Figure 1). In contrast, 
4D LA Analysis (TomTec Imaging Systems) is a novel software analysis tool developed 
specifically for RT3DE analysis of the LA. Using this analysis tool, the reader first identi-
fies mitral valve closure and mitral valve opening to manually define the end-diastolic 
frame representing minimum LA volume and the end-systolic frame representing max-
imum LA volume. In a further step, initial contours of the LA at end-diastole and end-
systole are manually defined for the apical four-chamber, two-chamber, and long-axis 
view (Figure 2). A polyhedron model of the LA is then automatically created by the 
software tool using an automated border-detection technique. In the following step the 
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contours are manually corrected, if necessary. Pulmonary vein orifices and/or left atrial 
appendage were not included into the contour. For both methods, maximum (LAmax) 
and minimum (LAmin) LA volumes were calculated. 
 

Fig. 1. Left atrial chamber quantification using QLAB. Semi-automatic left atrial border tracing by placing
markers at 4 mitral annular points (lateral, septal. inferior, anterior) and an atrial superior dome point oppo-
site the annulus (A). The automatic border tracing is then shown by the software (B). before the correspond-
ing volumes are calculated in a further step. (Point markers and contours are manually enhanced for visibility 
purposes). 

 

 

Fig. 2. Left atrial chamber quantification using 40 LA Analysis. Manual contouring is required at end-systole 
and end-diastole in apical 4-chamber (A), 3-chamber, and 2-chamber views. before a polyhedron-model (B) is 
automatically created based on left atrial endocardial border tracing and the corresponding volumes are 
calculated. 
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For 2DE LA volume quantification, three commonly used methods were applied: The 
biplane area-length method (AL) uses the formula V = 8(A1)(A2)/3ȧ(L), where A1 and 
A2 represent areas obtained from LA planimetry in a four-chamber and two-chamber 
view, and L is the shortest length from center of the mitral annular plane to the superior 
aspect of the LA (Figure 3, Panel A and B). The biplane modified Simpson’s rule (Simp-
son), assuming the stacked disks are circular, uses the formula V =ȧ/4(L)ѷ(A1)(A2), 
where V is volume, L is the length from the center of the mitral annular plane to the 
superior aspect of the LA, and A1 and A2 represents the 20 discs obtained from four-
chamber and two-chamber views (Figure 3, Panel A and B). The prolate ellipse method 
(PE), using the formula V = 0.523(D1)(D2)(D3), where D1 is measured from the middle 
of the plane of the mitral annulus to the superior aspect of the LA in a four-chamber 
view, D2 is the orthogonal short-dimension to D1, and D3 reflects the anterior-posterior 
diameter (AP) measured in a parasternal long-axis (Figure 3, Panel C and D). All 2DE 
measurements were performed at end-diastole and end-systole to obtain LAmax and 
LAmin. As with RT3DE, end-diastole and end-systole was identified using mitral valve 
closure and mitral valve opening as a reference point to assure identical timings. 

Figure 3. Left atrial chamber quantification using the area-length method and biplane modified Simpson's rule 
(A and B). A1 and A2. represent areas acquired in apical long-axis views consisting of a stack of 20 disks for 
Simpson's rule, while L is the atrial length measured from the middle of the mitral annular plane to the back 
wall. For the prolate ellipse method (C and D), D1 is measured from the middle of the plane of the mitral 
annulus to the superior aspect of the LA in a four-chamber view, while D2 is the orthogonal short-dimension 
to D1. D3 represents the anterior-posterior diameter measured in a parasternal long-axis. 

 
Analysis time in seconds was recorded for all echocardiographic methods from the time 
the datasets were loaded into the respective software tool until LAmax and LAmin were 
calculated. 
 Intraobserver and interobserver agreement was assessed by repeated measurement 
from 15 randomly selected subjects at least two months after the first analysis. The 
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second observer used the same datasets for offline analysis as the first observer but 
was blinded to the results or the identity of the subjects. A dedicated workstation was 
used for analysis by the second observer. 

DZ�/ŵĂŐĞ��ĐƋƵŝƐŝƚŝŽŶ�ĂŶĚ�YƵĂŶƚŝĨŝĐĂƚŝŽŶ�

A 1.5 T clinical system (Magnetom Espree, Siemens Medical Solutions, Erlangen Germa-
ny) with multi-channel phased-array receiver coils (Total imaging matrix, Siemens Medi-
cal Solutions) was used to perform MRI acquisition with the patients in supine position. 
Localizing scans were followed by a series of transversely oriented cine acquisitions 
using a balanced steady state free precession (b-SSFP) sequence (TR=40ms, TE=1.2ms, 
flip angle 63°, matrix 192x156, in plane resolution 1.6x1.6mm2). Fifteen to twenty slices 
were acquired during breath-hold at inspiration to cover the the entire LA and the left 
ventricular mitral anular plane with retrospective electrocardiogram gating. Section 
thickness was 6 mm without inter-slice gaps. Temporal resolution was 25 frames per 
heart cycle using parallel imaging with an acceleration factor of 2. 
 MRI datasets were transferred to a dedicated workstation and were analyzed by an 
experienced radiologist blinded to the results of echocardiography. A dedicated soft-
ware tool was used (Argus, Siemens Medical Solutions) and the LA border was con-
toured in axial slices. Pulmonary vein orifices and/or left atrial appendage were not 
included into the contour. Timing of LA volume measurements and calculation of func-
tional parameters were identical to that described for echocardiographic acquisition 
methods. Namely, mitral valve closure and opening was used as a reference point to 
identify end-diastole and end-systole. 

^ƚĂƚŝƐƚŝĐƐ�

SPSS 18 (SPSS Inc.) was used for statistical testing. Quantitative variables were ex-
pressed as mean ± 1 standard deviation and categorical variables as frequencies or 
percentages. Paired t-test and Wilcoxon rank-sum test were used for parametric and 
non-parametric variables, respectively, to test for differences between parameters 
acquired during the scans. The correlation of dimensional and functional parameters 
between echocardiographic volumes and MRI was assessed using intraclass correlation 
analysis (absolute agreement). A test using Fisher’s z transformation was applied to test 
for differences between correlation coefficients.22 In addition, Bland-Altman limits of 
agreement were calculated. The correlation between AP diameter and MRI was as-
sessed by calculating the Pearson correlation coefficient. Interobserver and intraob-
server variability was assessed by calculating the absolute differences expressed as a 
percentage of the mean of repeated measurements. A two-tailed probability value of 
0.05 or less was considered statistically significant and the 95 % confidence intervals are 
presented. 
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RESULTS 

WĂƚŝĞŶƚ�WŽƉƵůĂƚŝŽŶ�

Patient baseline characteristics are presented in Table 1. 
 
Table 1 Patient baseline characteristics (n = 60) 

Variable Value 

Men 70% 

Age (yrs) 61±10 (32-77) 

BMI (kg/m2) 27±5 (19-40) 

Left ventricular ejection fraction (%) 55±8 (35-75) 

Cardiovascular risk factors  

Obesity (BMI > 30 kg/m2) 22% 

Smoking 12% 

Diabetes mellitus 5% 

Hypertension 57% 

Dyslipidemia 45% 

Positive family history 30% 

Type of atrial fibrillation  

Paroxysmal 68% 

Persistent 32% 

BMI, Body mass index. Data are expressed as mean ± SD (range) or as percentages 

/ŵĂŐĞ��ĐƋƵŝƐŝƚŝŽŶ�

Heart rates during acquisition did not differ significantly between echocardiography 
(67±16 bpm, range 42 bpm – 110 bpm) and MRI (63±13 bpm, range 40 bpm – 97 bpm). 
Mean frame rates during echocardiographic image acquisition were 50±4 Hz (range 39-
69 Hz) for 2DE and 26±4 Hz (range 16-37 Hz) for RT3DE. All datasets were of evaluable 
quality and were used for analysis and comparison. Fifty-three patients had the same 
rhythm during both echocardiographic and MRI data acquisitions, while 7 patients 
showed different rhythms during acquisitions (i.e. 6 patients were in sinus rhythm dur-
ing echocardiography but in atrial fibrillation during MRI and 1 patient was in atrial 
fibrillation during echocardiography but in atrial fibrillation during MRI). 

>ĞĨƚ��ƚƌŝĂů�sŽůƵŵĞƐ�ĂŶĚ��ŽƌƌĞůĂƚŝŽŶ�ŽĨ��ĐŚŽĐĂƌĚŝŽŐƌĂƉŚǇ�ǁŝƚŚ�DZ/�

Mean indexed LA volumes as derived by each method are depicted in Table 2. Intraclass 
correlation coefficients for LAmax were 0.94 (95% confidence interval [CI] 0.88 – 0.97, 
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p<0.001) for 4D LA Analysis versus MRI, 0.80 (95% CI 0.21 – 0.93, p<0.001) for QLAB 
versus MRI, 0.70 (95% CI 0.46 – 0.83, p<0.001) for Simpson versus MRI, 0.69 (95% CI 
0.42 – 0.83, p<0.001) for AL versus MRI, and 0.24 (95% CI 0.09 – 0.57, p<0.001) for PE 
versus MRI. For LAmin, intraclass correlation analysis revealed coefficients of 0.95 (95% 
CI 0.87 – 0.98, p<0.001) for 4D LA Analysis versus MRI, 0.90 (95% CI 0.64 – 0.96, 
p<0.001) for QLAB versus MRI, 0.83 (95% CI 0.74 – 0.90, p<0.001) for Simpson versus 
MRI, 0.82 (95% CI 0.71 – 0.89, p<0.001) for AL versus MRI, and 0.36 (95% CI 0.09 – 0.67, 
p<0.001) for PE versus MRI. When comparing the AP diameter with MRI, Pearson corre-
lation coefficients were found to be 0.63 (95% CI p>0.001) for LAmax, and 0.64 (p<0.001) 
for LAmin. Intraclass correlation coefficients for 4D LA Analysis volumes were significantly 
higher than in all other methods, while volumes derived from PE correlated significantly 
less (Figure 4).  
 
Table 2. Indexed LA volumes (n=60) 

Volume MRI 4D LA Analysis QLAB Biplane 
Simpson‘s rule 

AL PE 

Lamax (ml/m2) 58±17 (27–106)  56±16 (27–106) 49±15 (26-96) 51±15 (26-94) 51±15 (24-91) 31±10 (13-57) 

Lamax (ml/m2) 40±19 (13–102)  36±7 (13-101) 34±17 (12-91) 38±15 (14-76) 37±15 (11-75) 21±9 (5-53) 

Data are expressed as mean ± SD (range). 

 
Compared to MRI, Bland-Altman analysis for LAmax revealed limits of agreement of -29 
ml to 19 ml for 4D LA Analysis, -49 ml to 15 ml for QLAB, -63 ml to 36 ml for Simpson, -
65 ml to 36 ml for AL, and -109 ml to 3 ml for PE. Similarly, limits of agreement for LAmin 
were -26 ml to 13 ml for 4D LA Analysis, -37 ml to 15 ml for QLAB, -44 ml to 38 ml for 
Simpson, -48 ml to 38 ml for AL, and -92 ml to 19 ml for PE (Figure 5). Thus, for 95% of 
measurements, percent difference from MRI measurements can be expected to be 
within 28% of the reference value for 4D LA Analysis, 37% for QLAB, 49% for Simpson, 
52% for AL, and within 68% for PE. On the other hand, for 4D LA Analysis 54% of meas-
urements are within 10% of the reference value. For QLAB this can be expected in 42% 
of measurements, for Simpson and AL in 23%. By contrast, for the PE method only 4% 
of measurements fall within the 10% range. 
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Figure 4. lntraclass correlation with magnetic resonance imaging of maximum (left) and minimum (right) left 
atrial volumes acquired by different eohocardiographic methods. Correlation coefficients for 4D LA Analyses 
and prolate ellipsoide method differed significantly from the coefficients of all other echocardiographic 
metlhods. 

 

 

Figure 5. Bland-Altman plots comparing maximum (top row) and minimum (bottom row) left atrial volume 
measurements obtained by different echocardiographic methods and MRI serving as reference. 
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Of note, when analyzed separately, there was no significant difference when comparing 
intraclass correlations between the patients who had the same heart rhythm during 
both echocardiography and MRI and patients who did not. 
 Intraclass correlations coefficients and percentage differences from the mean for 
intraobserver repeat measurements for maximum volumes were r=0.97 and +2.8% for 
4D LA Analysis, r=0.99 and -0.8% for QLAB, r=0.96 and +3.6% for Simpson, r=0.95 and -
0.7% for AL, and r=0.95 and +3.4% for PE. For LAmin, they were r=0.98 and +1.0% for 4D 
LA Analysis, r=0.99 and +4.0% for QLAB, r=0.98 and +2.4% for the biplane Simpson’s 
method, r=0.98 and +7.0% for AL, and r=0.95 and -0.4% for PE. For interobserver repeat 
measurements, intraclass correlation coefficients and percentage differences from the 
mena for LAmax were r=0.96 and -4.3% for 4D LA Analysis, r= 0.92 and -5.5% for QLAB, 
r=0.88 and -9.0% for the biplane Simpson’s method, r= 0.889 and -6.8% for AL, and 
r=0.91 and +2.4% for PE. For LAmin, they were r = 0.94 and -5.4% for 4D LA Analysis, r = 
0.89 and -2.4% for QLAB, r = 0.92 and -7.2% for the biplane Simpson’s method, r = 0.89 
and -5.3% for AL, and r = 0.95 and -6.8% for PE. 
 

 

Figure 6. Comparison of analysis time associated with the use of different methods for offline calculation of
maximum and minimum echocardiographic left atrial volumes. 

�ĐŚŽĐĂƌĚŝŽŐƌĂƉŚŝĐ��ŶĂůǇƐŝƐ�dŝŵĞ�

The required amount of time for offline LA volume calculation was 161±29 seconds 
(range 84 – 227) for 4D LA Analysis, 155±31 seconds (range 81 – 226) for QLAB, 144±19 
seconds (range 97 – 190) for Simpson, 144±18 seconds (range 102 – 196) for AL, and 
103±15 seconds (range 69 – 144) for PE. LA volume analysis using PE was significantly 
shorter than for all other methods. On the contrary, 4D LA analysis and QLAB both re-
quired significantly more time for analysis than Simpson and AL, which were equally 
time consuming (Figure 6). 
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DISCUSSION 

Although previous studies have compared different echocardiographic methods for LA 
quantification with each other 4,5,16-18 or a single echocardiographic method with cardiac 
MRI,3,6,8 the present study represents the first head-to-head comparison of all common-
ly available and routinely used 2DE and novel RT3DE methods and provides comprehen-
sive data in terms of accuracy and feasibility by using cardiac MRI as the standard of 
reference and by providing information on analysis time for offline analysis associated 
with each method. In terms of accuracy, a novel RT3DE analysis tool (i.e., 4D LA Analy-
sis) dedicated specifically to the assessment of the left atrium was correlated signifi-
cantly better with MRI than all other echocardiographic methods, while the second 
RT3DE analysis tool originally developed for the analysis of the left ventricle (i.e., QLAB) 
performed slightly (but not significantly) better than the biplane modified Simpson’s 
rule and AL. By contrast, LA volumes as assessed using PE were correlated substantially 
less with the findings from MRI. Similar to the correlation analysis, Bland-Altman analy-
sis revealed the narrowest limits of agreement for the 4D LA Analysis software tool, 
while the limits of agreement grew wider with the other methods. Of note, Bland-
Altman analysis of PE revealed a massive underestimation of volumes, particularly in 
severely enlarged atria, while all other methods showed slight, but consistent underes-
timations of both LAmin and LAmax throughout the entire range. A likely explanation that 
has been proposed for this finding is the disproportionately larger change in volume 
that is associated with a small increase in a single major LA axis,5,17,24,25 thus leading to 
volume underestimation in methods assuming a consistent relation to other LA dimen-
sions, which may be particularly true for PE. In pathologic conditions, the left atrium 
dilates to a larger extent in the longitudinal and anterior-posterior dimensions com-
pared to the mediolateral dimension. This asymmetric dilation may more closely be 
accounted for with RT3DE methods, as these rely on anatomic contouring of the LA 
endocardium in all dimensions, thus leading to more accurate and consistent volumes 
than with 2D methods, which may be insensitive to such nonuniform changes in spatial 
LA configuration. Furthermore, the higher spatial resolution of MRI in comparison with 
echocardiography has been repeatedly suggested as a likely explanation for the general 
underestimation of LA volumes by echocardiography.6 As a consequence, echocardiog-
raphy cannot for example distinguish volumes within intratrabecular atrial areas. Addi-
tionally, the apical four-chamber view places the left atrium at the far field of the ultra-
sound beam, resulting in an additional loss of image resolution. 
 Although these novel RT3DE methods enable more accurate LA volume quantifica-
tion, they require more elaborate contouring and manual refinement of the semiauto-
matic endocardial border detection than in traditional 2DE methods, especially in low-
quality data sets. In the present study, analysis time associated with offline analysis was 
slightly higher for 4D LA Analysis compared with 2DE analysis. However, although our 
data do not include the additional effort of RT3DE image acquisition itself and thus may 
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underestimate differences, the additional time needed for analysis may potentially be 
compensated by additional functional parameters that accompany RT3DE LA analysis, 
such as information on segmental atrial wall motion, the LA active contraction compo-
nent, and even dyssynchrony parameters. Furthermore, recent developments applying 
fully automated endocardial contour detection to obtain left ventricular volumes from 
RT3DE imaging26 may eventually be adopted for LA analysis in the near future,27 poten-
tially leading to a further substantial reduction in analysis time. This in turn may provide 
the basis for a more widespread use of RT3DE methods for LA volume quantification in 
the clinical arena. However, further studies are needed to assess the prognostic value of 
overall and in particularly for regional LA functional parameters in various conditions to 
justify the additional effort of LA assessment using RT3DE imaging and to fully reveal its 
presumed clinical potential in the near future. 
 It may be perceived as a limitation that the present study evaluated patients re-
ferred for pulmonary vein isolation rather than a normal population. Thus, as expected, 
a majority of patients presented with dilated left atria, and we cannot therefore conclu-
sively comment on the number of subjects being correctly classified as having nor-
malsized atria. However, this fact may also be perceived as a strength of the present 
study, because it allowed us to include a broader range of volumes in the comparison. 
 Correlation coefficients for RT3DE imaging using QLAB and for the 2D techniques 
were notably smaller than in previous reports comparing echocardiographic methods 
for the left atrium with MRI.3,4 This may be because of different inclusion criteria; in the 
present study, LA volumes were substantially larger than in previous works because we 
included patients referred for pulmonary vein isolation. This may have led to lower 
agreement with MRI, particularly for large volumes. Furthermore, we applied intraclass 
correlation analysis rather than simple linear regression analysis, which does not appro-
priately reflect systematic underestimation or overestimation of volumes. 
 Furthermore, the time required for RT3DE analysis using QLAB was substantially 
higher in the present study than reported in a previous work6 (155±31 vs 56±8 sec). In 
our experience, the most time consuming part of LA analysis by RT3DE imaging consists 
of manual recontouring and optimization of the contours after applying automated 
border detection algorithms. Such manual recontouring may not have been performed 
in previous work, leading to reduced comparability of analysis times. 
 Finally, the fact that approximately one third of patients were in atrial fibrillation 
during retrospectively gated MRI and/or RT3DE image acquisition may have led to de-
creased image quality, which may in turn have had an impact on exact endocardial 
border delineation. We cannot comment with certainty on the impact this may have 
had on the calculated volumes in terms of overestimation or underestimation, because 
there is no noninvasive imaging gold standard for the determination of LA volumes that 
is independent of cardiac rhythm. However, the fact that intraclass correlation coeffi-
cients for patients who had different cardiac rhythms during echocardiography and MRI 
did not differ significantly from those for patients who had the same cardiac rhythm for 
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both imaging techniques suggests that cardiac rhythm had only a limited impact on the 
measured LA volumes. 

�ŽŶĐůƵƐŝŽŶƐ�

Commonly used biplane methods from conventional 2D echocardiography (i.e., the 
biplane modified Simpson’s rule and AL) offer reasonable accuracy for LA chamber 
quantification across a broad range of volumes, while RT3DE methods lead to a moder-
ate improvement in accuracy at the cost of more time needed for offline analysis. 

�ĐŬŶŽǁůĞĚŐĞŵĞŶƚƐ�

We acknowledge that a vast majority of the patient population analyzed in the present 
study is shared with another scientific article published in a different journal 28. Where-
as the present work focuses on comparison of various 2DE and RT3DE methods for LA 
volume analysis with MRI serving as standard of reference, the aforementioned study’s 
aim was the validation of the RT3DE software analysis tool 4D LA Analysis, in particular 
its ability to assess the active component of atrial ejection. Of note, the same RT3DE 
and MRI acquisitions used in the present study were also included in the other study. 
However, offline analysis of raw data sets was separately and independently performed 
for both works. Thus, although certain methodologic aspects are identical for both, the 
studies’ backgrounds, results, scope, and conclusions differ substantially. 
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ABSTRACT 

Background: In chronic heart failure, left ventricular ejection fraction (LVEF) is consid-
ered to be stable. Intensified therapy may improve survival, but little is known whether 
this is associated with reverse remodelling and dependent on age and NT-proBNP guid-
ance. We aimed to define the evolution of LVEF under intensified therapy in relation to 
age and NT-proBNP guidance. 
 
Methods and Results: Echocardiography was performed at baseline, 12 and 18 months 
in TIME-CHF, a trial comparing NT-proBNP versus symptom-guided therapy in patients 
aged 60 to 74 and ≥75 years. LVEF, LV end diastolic volume index (LVEDVI) and end 
systolic volume index (LVESVI) were assessed. LVEF increased from 31±11% to 40±12% 
at 12 (p<0.001), and 42±13% at 18 months (p=0.004 vs 12 months). The increase in 
LVEF was significantly larger in the NT-proBNP-guided treatment group (p for interac-
tion =0.006). LVEDVI decreased from 88±34 ml/m2 to 77±39 ml/m2 and 70±33 ml/m2 
(p<0.001), as did LVESVI (p<0.001), without influence by study group allocation. 
 
Conclusions: In elderly heart failure patients, intensified medical therapy leads to an 
improvement in LVEF and to reverse remodeling. NT-proBNP guided therapy was asso-
ciated with a larger improvement in LVEF than symptom guided therapy, independent 
of age. 
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INTRODUCTION 

In patients with heart failure and a left ventricular ejection fraction (LVEF) below 45%, 
prognosis is related to left ventricular remodeling 1, 2. Angiotensin-converting enzyme 
inhibitors, betablockers, mineralocorticoid antagonists, cardiac resynchronization ther-
apy, and ivabradine have all been shown to either slow the decrease or to lead to a 
modest improvement of LVEF with only resynchronization therapy showing a larger 
effect, albeit in a more selected patient population 3-8. All of these studies have been 
conducted in patients with an average age <70 years, whereas the majority of patients 
with heart failure in the general population are older 9, 10. Once medical therapy has 
been established in chronic heart failure, LVEF is considered to be relatively stable, but 
data from studies prospectively evaluating changes in LVEF over time are scarce. LVEF 
and left ventricular volumes have been examined in the PROTECT trial over time 11, 12, 
but this was a smaller trial and the patients included were on average 10 years younger 
than in the general heart failure population. 
 The Trial of Intensified versus standard Medical therapy in Elderly patients with 
Congestive Heart Failure (TIME-CHF) provided an excellent opportunity to investigate if 
LVEF remains stable on chronic heart failure therapy also in elderly patients comparable 
to the general heart failure population and whether intensified medical therapy could 
also lead to improvements in LVEF and reverse remodelling. TIME CHF compared a NT-
proBNP-guided, intensified treatment strategy with a standard symptom-guided thera-
py in patients aged 75 years or older compared with patients aged 60 to 74 years 13. It 
showed that younger patients benefitted from intensified heart failure therapy regard-
ing survival in contrast to patients >75 years of age. Reasons for this age difference 
remained unclear. It is to note, that all patients were on standard heart failure medica-
tion at baseline, but drug therapy and doses were significantly increased during the 
course of the study. This change in therapy differed between the two groups with pa-
tients allocated to NT-proBNP guided therapy receiving more intense therapy. Thus, the 
questions came up, whether a more intense heart failure therapy would be associated 
with a greater change in LV function and reverse remodeling and whether this was 
different between the two age groups. Accordingly, the specific aims of this echocardi-
ographic substudy of the TIME-CHF trial were (a) to evaluate the effect of intensified 
NT-proBNP-guided versus symptom-guided heart failure therapy on LVEF and left ven-
tricular remodeling, (b) to assess the effect of age on these parameters and (c) to inves-
tigate the impact of changes in LVEF on outcome. 
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METHODS 

^ƚƵĚǇ�ƉŽƉƵůĂƚŝŽŶ�ĂŶĚ�ƚƌŝĂů�ĚĞƐŝŐŶ�

TIME-CHF was a multicenter trial comparing an intensified, NT-proBNP-guided treat-
ment strategy with a symptom-guided treatment strategy in patients aged 60 years or 
more with heart failure irrespective of LVEF. The design of the TIME-CHF trial has been 
described elsewhere in detail 13, 14. Briefly, patients with dyspnea (New York Heart Asso-
ciation class II or higher on current therapy), a history of hospitalization for heart failure 
within the past year, and an elevated NT-proBNP level (>400pg/ml in patients <75 years, 
and >800pg/ml in patients ш75 years of age) were recruited in 15 tertiary and secondary 
hospital centers in Switzerland and Germany. Exclusion criteria were dyspnea not main-
ly due to heart failure, valvular heart disease requiring surgery, acute coronary syn-
drome within ten days before study inclusion, angina pectoris шCCS 2, revascularization 
within the month before study inclusion, body mass index >35, serum creatinine 
>2.49mg/dL, a life expectancy of less than 3 years due to non-cardiovascular causes, 
inability to give informed consent, follow-up impossible, or participation in another 
study. All patients gave written informed consent. The study was approved by the local 
ethics committees of each participating center. Overall, 499 patients with a systolic 
dysfunction defined as an LVEF of ≤45% were included in the original TIME-CHF trial and 
were eligible for the present substudy. 
 Patients were stratified into two pre-specified age groups (60-74 years, and ≥75 
years) and then randomized to either symptom-guided therapy or NT-proBNP-guided 
therapy. Patients, but not the treating physicians were blinded for treatment allocation. 
Patients were evaluated clinically at baseline, and after 1, 3, 6, 12, and 18 months. At 
baseline, a medical history together with clinical signs of heart failure and vital signs was 
recorded. The duration of heart failure was estimated from the patient history and 
categorized as up to 2 months, > 2months up to 12 months, and >12 months. NT-
proBNP was measured centrally at the University Hospital of Basel with a standard assay 
kit (Roche Diagnostics, Switzerland). Results were made available to the treating physi-
cians for all patients at baseline, and thereafter only for patients allocated to intensified 
therapy. Medical treatment in patients randomized to the symptom guided group was 
adjusted with the goal of reducing symptoms to NYHA ≤ II, whereas in patients random-
ized to the NT-proBNP group, treatment was adjusted with the goal of reducing NT-
proBNP levels to <400 pg/ml in patients aged 60-74 years, and <800 pg/ml in patients 
aged ≥75, and symptoms to NYHA ≤ II. Treatment escalation followed standardized 
protocols 14 up to 12 months. 
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�ĐŚŽĐĂƌĚŝŽŐƌĂƉŚǇ�

Patients had transthoracic echocardiography performed at the recruiting center by a 
board certified cardiologist trained in echocardiography. Standard clinical ultrasound 
equipment was used for acquisition of cine loops documenting left ventricular function 
and dimensions from parasternal and apical acoustic windows with broadband trans-
ducers operating in harmonic imaging mode. The echocardiographic studies were 
stored digitally and transferred to the echocardiography core laboratory at the Universi-
ty Hospital of Basel. The studies were read at the core laboratory by 2 trained cardiolo-
gists (S.-Y. M., K.G.) blinded to treatment allocation. Apical four chamber and apical two 
chamber views were used to derive LVEF, left ventricular enddiastolic volume index 
(LVEDVI) and left ventricular endsystolic volume index (LVESVI) using the biplane Simp-
son’s method according to the recommendation of the American Society of Echocardi-
ography 15. In patients who had only an apical four chamber view available for analysis 
at either of the visits, the apical four chamber view was used for analysis at all time-
points. Patients, in whom 4 or more segments of the 17-segment LV model (ASE seg-
mental model) showed an insufficient delineation of the endocardial border, were ex-
cluded from the analysis. The left atrial antero-posterior diameter (LA) and tricuspid 
annular plane systolic excursion (TAPSE) were measured according to current guidelines 
16. Transmitral inflow velocities and left ventricular outflow tract velocities were ob-
tained from pulsed wave Doppler tracings with the sample volume placed between the 
tips of the mitral valve leaflets and in the left ventricular outflow tract, respectively. The 
right ventricular-right atrial pressure gradient was obtained from the peak tricuspid 
regurgitation jet velocity. 
 Changes in the measured echocardiographic parameters were examined over time 
and according to age and NT-proBNP-guided versus symptom-guided treatment. For 
the purpose of assessing the effect of changes in LVEF on clinical outcome, patients 
with complete echocardiographic datasets at 0 and 12 months were divided into pa-
tients with an increase in LVEF by ≥10 absolute percentage points and into patients with 
a smaller increase or a decrease in LVEF. This cut-off was selected based on previous 
data indicating 10 percentage points as the upper limit of temporal variability of two-
dimensional measurements of ejection fraction 17. 

^ƚĂƚŝƐƚŝĐƐ�

Statistical analyses were performed using SPSS Version 21.0 (SPSS Inc.). Results are 
shown as frequencies or means ±1SD, unless noted otherwise. Between group compari-
sons were performed using a t-test or a Mann-Whitney test, as appropriate. A general 
linear model for repeated measures with Bonferroni-corrected post hoc tests was used 
to assess changes over time. General linear models with Pillai’s trace test were used for 
assessing the influence of age and group assignment on LVEF over time. Kaplan-Meier 
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curves were used for assessing time dependent occurrence of events in these two pa-
tient groups. The log-rank test was used to compare the occurrence of endpoints be-
tween groups. A two-sided p value <0.05 was considered statistically significant. 

RESULTS 

WĂƚŝĞŶƚ�ĐŚĂƌĂĐƚĞƌŝƐƚŝĐƐ�

Of 499 patients eligible for the present substudy, 2 were lost to follow up and 59 with-
drew consent before completing the 18 months follow up. Among the remaining 438 
patients, 84 died within the first 12 months after study entry, and another 17 died be-
tween 12 and 18 months after study entry. Of the 337 patients available for comparison 
at 0, 12 and 18 months, 168 (49.9%, n=60 aged 60-74 years, and n=108 aged ≥75) had 
complete, evaluable echocardiographic datasets at all three time-points; these 168 
patients comprise the main study population reported here. 
 Ancillary analyses were also conducted in 188 patients (55.7% of those eligible) who 
had complete echocardiographic datasets at 0 and 18 months, and in 233 patients 
(65.8% of those eligible) who had complete echocardiographic datasets at 0 and 12 
months. 
 The baseline characteristics of the 168 patients included in the main study popula-
tion are shown in table 1 in comparison with baseline characteristics of the remaining 
patients of the original TIME-CHF study (n=331). Among patients within the reported 
main study population of the present report there were no significant differences both 
between the symptom-guided and the NT-proBNP-guided study groups nor did these 
patients differ from the total TIME-CHF study population with reduced LVEF except for 
fewer male patients in the main population of the present report. 

>ĞĨƚ�ǀĞŶƚƌŝĐƵůĂƌ�ĞũĞĐƚŝŽŶ�ĨƌĂĐƚŝŽŶ�

In 168 patients who had evaluable images at all three time-points, LVEF significantly 
increased during the study period from 30.8±11.2% to 39.7±12.3% from 0 to 12 months 
and further to 41.6±12.7% from 12 to 18 months (Figure 1A). The increase in LVEF was 
not influenced by age (p=0.091 for interaction; increase from 29.4±11.7% to 
42.6±12.1% in patients aged 60-74 years, and from 31.5±10.9% to 41.1±13.1% from 0 
to 18 months in patients ≥75 years). Also, the changes in LVEF were independent of the 
prior duration of heart failure with patients with less than 2 months history of heart 
failure increasing from an LVEF of 31.4±11.9% at baseline to 41.2±13.4% at 18 months, 
patients with 2-12 months  
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Table 1. Baseline characteristics of the substudy population and comparison with the population of the TIME-
CHF main study. 

 Included 
(n=168) 

 Not Included 
(n=331) 

 Symptom guided 
(n=81) 

NT-proBNP-guided 
(n=87) 

Main TIME CHF Study 
(n=331) 

Age (years) 76.8±7.8 76.6±7.3 75.8±7.5 
Male (%) 44 (54)∗ 56 (64) 227 (69) 

Current smoking 13 (16) 30 (16) 68 (12) 
BMI (kg/m2) 24.9±4.2 25.5±3.8 25.4±4.2 
Cardiac parameters    
 Heart rate (bpm) 77±17 76±15 75±14 
 Systolic BP (mmHg) 120±18 118±19 118±18 
 Diastolic BP (mmHg) 74±12 70±11 71±12 
 eGFR (ml/min/1.73m2) 54±16.0 55±20 51±22 
 NT-proBNP (pg/ml) 3723 (1798–5648) 3595 (1176-6014) 4684 (1866-7502) 
NYHA class    
 Class II (%) 20 (25) 24 (28) 84 (25) 
 Class III (%) 52 (64) 54 (62) 200 (60) 
 Class IV (%) 9 (11) 9 (10) 47 (14) 
Cause of heart failure    
 CAD (%) 44 (54) 44 (51) 199 (60) 
 DCM (%) 20 (25) 19 (22) 49 (15) 
 HHD (%) 14 (17) 22 (25) 71 (22) 
 VHD (%) 3 (3.7) 1 (1) 10 (3) 
Diabetes 26 (32) 27 (31) 119 (36) 
Stroke 9 (11) 13 (15) 54 (16) 
Atrial fibrillation 24 (30) 27 (31) 107 (32) 
Medication    
 ACE-inhibitor 67 (83) 65 (75) 260 (79) 

Angiotensin receptor 
blocker 

10 (12) 13 (15) 59 (18) 

Renin-Angiotensin 
blockade 

77 (95) 78 (90) 318 (96) 

 β-blocker 65 (80) 71 (82) 256 (77) 

 Loop diuretics 73 (90) 76 (87) 317 (96) 
 Spironolactone 27 (33) 32 (37) 143 (43) 
 Nitrates 30 (37) 30 (34) 83 (25) 
 Digoxin 15 (19) 13 (15) 69 (21) 
 Statin 42 (52) 37 (43) 156 (47) 
 Aspirin 43 (53) 38 (44) 151 (46) 
 Oral anticoagulation 42 (52) 49 (56) 194 (59) 

Data are presented as numbers of patients (%) or means ± 1SD, except for NT-proBNP, where median and 
interquartile range is given. BMI, body mass index; bpm, beats per minute; BP, blood pressure; eGFR, estimat-
ed glomerular filtration rate, MDRD formula; CAD, coronary artery disease; DCM, dilated cardiomyopathy; 
VHD, valvular heart disease. *p<0.05 vs. patients not included in the study. 
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history of heart failure increasing from 31.3±13.4% to 43.9±13.2%, and patients with 
>12 months history of heart failure increasing from 30.3±10.2% to 41.2±12.3% (p=0.92 
for the interaction of the duration of heart failure history with changes in LVEF). 
Ancillary analyses performed in 188 patients with a complete dataset at 0 and 18 
months confirmed the above results and are shown in table 2. 
 
Table 2. Evolution of left ventricular ejection fraction and left ventricular volumes in 188 patients (n=88 symp-
tom-guided, n=100 NT-proBNP-guided) with complete echocardiographic data at baseline and 18 months. 

 Baseline 18 months p baseline vs.  
18 months 

p for interaction 

LVEF (%) 30.9±10.9 41.3±12.6 <0.001 0.006 

 Symptom-guided 31.6±10.6 39.0±11.6 <0.001  

 NT-proBNP-guided 30.4±11.1 43.3±13.0 <0.001  

LVEDVI (ml/m2) 87.2±34.0 70.8±33.9 <0.001 0.46 

 Symptom-guided 85.7±32.9 70.4±31.7 <0.001  

 NT-proBNP-guided 88.4±35.1 71.2±35.8 <0.001  

LVESVI (ml/m2) 62.2±30.6 44.3±30.0 <0.001 0.13 

 Symptom-guided 60.7±28.7 45.2±27.7 <0.001  

 NT-proBNP-guided 63.5±32.3 43.5±32.0 <0.001  

LVOT VTI (mm) 14.9±5.2 16.8±5.4 0.009 0.37 

 Symptom-guided 14.0±4.5 15.1±5.6 0.37  

 NT-proBNP-guided 15.5±5.6 17.9±5.0 0.007  

E (cm/s) 78±29 71±31 0.003 0.53 

 Symptom-guided 79±30 71±33 0.02  

 NT-proBNP-guided 77±29 72±29 0.07  

A (cm/s) 64±29 75±27 <0.001 0.37 

 Symptom-guided 65±26 74±22 0.02  

 NT-proBNP-guided 63±31 76±30 <0.001  

E/A 1.46±1.14 0.99±0.67 <0.001 0.87 

 Symptom-guided 1.40±1.09 0.91±0.56 0.002  

 NT-proBNP-guided 1.51±1.19 1.06±0.75 0.002  

LA (mm) 46.6±6.4 44.3±7.2 0.01 0.39 

 Symptom-guided 45.7±5.6 44.8±7.7 0.27  

 NT-proBNP-guided 45.5±7.1 43.9±6.9 0.01  

TAPSE (mm) 15.7±4.9 18.6±5.6 <0.001 0.67 

 Symptom-guided 15.6±4.6 18.6±4.5 <0.001  

 NT-proBNP-guided 15.9±5.2 18.6±5.7 <0.001  

dP TR (mmHg) 32.4±10.6 30.3±10.3 0.07 0.07 

 Symptom-guided 33.9±9.8 29.5±9.3 0.01  

 NT-proBNP-guided 31.3±11.1 30.9±11.1 0.81  

Data are presented as means ± 1SD. LVEF=left ventricular ejection fraction. LVEDVI=left ventricular end-
diastolic volume. LVESVI=left ventricular end-systolic volume. P for interaction denotes p values for the inter-
action of NT-proBNP guided treatment with evolution of the individual parameters. 
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NT-proBNP-guided heart failure therapy significantly interacted with the changes in 
LVEF at 18 months, with patients in the symptom-guided group showing a less pro-
nounced increase than patients in the NT-proBNP-guided group (p=0.006 for the effect 
of NT-proBNP-guided treatment on LVEF over time; Figure 1B). The effect of NT-
proBNP-guided therapy was also present when patients with only a single plane meas-
urement of LVEF at either baseline or 18 months (n=24) were excluded (p=0.044 for the 
effect of NT-proBNP-guided treatment on LVEF over time). The effect of NT-proBNP-
guided therapy was present both in patients 60-74 years old and in patients ≥75years 
old (p=0.019 for both groups, Figure 1C and D). The improvement was numerically more 
pronounced in patients ≥75 years, however, this difference did not reach statistical 
significance.  
 

 

Figure 1. Evolution of LVEF in the study population over time. (A) LVEF in subjects who had evaluable images 
at 0, 12 and 18 months (n=168), *p<0.001 vs baseline, † p:0.004 vs 12 months. (B) LVEF at baseline and 18 
months according to assignment to BNP guided or symptom guided treatment strategy, ‡ p=0.006. (C) and (D)
evolution of LVEF according to treatment assignment and age. ¶ p=0.019 

>ĞĨƚ�ǀĞŶƚƌŝĐƵůĂƌ�ǀŽůƵŵĞƐ�

Reductions in left ventricular volumes occurred throughout the study period in the 
whole substudy population, with LVEDVI decreasing significantly from 0 to 12 months, 
and further from 12 to 18 months (Figure 2A, p<0.001 for the change from 0 to 12 
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months and from 12 to 18 months). Similarly, LVESVI decreased significantly from 0 to 
12 months and further from 12 to 18 months (Figure 2A, p<0.001 for the change from 0 
to 12 months and from 12 to 18 months). The changes in LVEDVI and LVESVI were not 
influenced age or by NT-proBNP-guided therapy (Figure 2 B and C; p=0.396 for the ef-
fect of NT-proBNP-guided therapy on the change in LVESVI at 18 months, p=0.853 for 
the effect of NT-proBNP-guided therapy on the change in LVEDVI at 18 months). 
 

 

Figure 2. Left ventricular remodeling in the study population over time. (A) LVEDVI and LVESVI in subjects who 
had evaluable images at 0, 12 and 18 months (n=168), * p<0.001 vs 0 months, † p<0.001 vs 12 months. (B)
LVEDI at baseline and 18 months according to assignment toNT-proBNP guided or symptom-guided treatment 
strategy. p for interaction 0.853. (C) LVESVI at 0 and 18 months according to treatment assignment. p for
interaction 0.396 

>ĞĨƚ�ĂƚƌŝĂů�ƐŝǌĞ͕�ĚŝĂƐƚŽůŝĐ�ůĞĨƚ�ǀĞŶƚƌŝĐƵůĂƌ�ĨƵŶĐƚŝŽŶ͕�ĂŶĚ�ƌŝŐŚƚ�ǀĞŶƚƌŝĐƵůĂƌ�ĨƵŶĐƚŝŽŶ�

Additional echocardiographic data were analyzed in 188 patients (table 2). Overall, 
there was no significant interaction between NT-proBNP-guided treatment and changes 
in these additional parameters. Compared to baseline, the velocity time integral, and 
thus flow, in the left ventricular outflow tract increased significantly in patients on NT-
proBNP-guided therapy but not in those on symptom-guided therapy. Left atrial size 
decreased over time, this decrease tended to be larger in patients with NT-proBNP-
guided therapy. Likewise, the E/A ratio decreased significantly in both patient groups. 
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TAPSE increased in both groups, while the right ventricular-right atrial pressure gradient 
decreased significantly only in patients on symptom-guided therapy. 

�ĨĨĞĐƚ�ŽĨ�ĐŚĂŶŐĞƐ�ŝŶ�>ĞĨƚ�sĞŶƚƌŝĐƵůĂƌ��ũĞĐƚŝŽŶ�&ƌĂĐƚŝŽŶ�ŽŶ�KƵƚĐŽŵĞ�

 

Figure 3. Survival in patients with <10% vs. 10% improvement in LVEF. 

 
The present TIME-CHF echocardiographic substudy was underpowered to detect an 
effect of NT-proBNP-guided therapy on outcome according to echocardiographic pa-
rameters. However, to obtain some measure of the effect of changes in LVEF on thera-
py on outcome, 233 patients with complete echocardiography datasets at 0 and 12 
months were divided into those with an absolute increase in LVEF of ≥10% at 12 
months versus those with a smaller increase or a decrease in LVEF. Kaplan Meier curves 
showed a significantly better 18-month survival in patients with an increase in LVEF 
≥10% compared to those with less change in LVEF (log rank p=0.030; Figure 3). Of note, 
the proportion of patients experiencing an increase in LVEF ш10% did not differ be-
tween the age groups or between treatment strategies (data not shown). Also, baseline 
NT-proBNP did not differ between patients experiencing an increase in LVEF ш10% ver-
sus those experiencing an increase <10% (median 3891 (interquartile range 1575-6207) 
pg/ml versus 3563 (1466-5680) pg/ml, p=0.79). 

DISCUSSION 

In this substudy of TIME-CHF, intensified heart failure treatment led to reverse remodel-
ing that continued up to 18 months after enrolment. In particular, intensified NT-
proBNP-guided treatment significantly interacted with the increase in LVEF independent 
of age and the duration of heart failure. Changes in left ventricular function had an 
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influence on survival, as patients with an absolute increase in LVEF by 10 or more per-
centage points at one year experienced a better survival than patients without. 
 While the prognostic value of LVEF in populations including heart failure patients 
with preserved ejection fraction has been questioned 18, the extent of reverse remodel-
ing expressed either as improvement in LVEF or decrease in left ventricular volumes has 
been associated with improved prognosis in patients with reduced LVEF irrespective of 
heart failure etiology 19, 20. Interestingly, the degree of ventricular remodeling seen in 
the present substudy of TIME-CHF by intensifying standard heart failure medication was 
substantial and comparable to the improvements found with resynchronization therapy 
5. Changes in LVEF reported for drug interventions with angiotensin converting enzyme 
inhibitors, angiotensin receptor blockers and betablockers range from a neutral effect in 
the SOLVD echocardiography substudy 20 to an increase by app. 5 percentage points in 
the Val-HeFT echocardiographic substudy and the MOCHA study 21, 22. When comparing 
our results with these studies, it should be noted that we analyzed only patients with 
available echocardiograms at all time-points (baseline, 12 and 18 months). In contrast, 
in the aforementioned trials baseline echocardiograms of patients who later died or 
dropped out of the study and did not have follow-up echocardiography were also in-
cluded in the analyses. Thus, the respective effects of the therapeutic intervention on 
left ventricular remodeling may even have been overestimated due to lacking follow-up 
in patients with a low LVEF at study inclusion who died. Moreover, most patients in the 
present study were on standard heart failure medication already at baseline and im-
provement in LVEF was also seen in those with long-standing heart failure. Further, the 
mean age of patients included in the mentioned trials ranged from 60 to 65 years and 
was considerably lower than in TIME-CHF. Our data, therefore, question the notion that 
reverse remodeling by medical therapy is limited or even absent in chronic heart failure 
and highlight that reverse remodeling can be also achieved with intensified heart failure 
therapy. This may be even achieved in elderly, which represent the majority of heart 
failure patients. Importantly, reverse remodeling was independent of the prior duration 
of heart failure, implying that even in advanced heart failure, uptitration of heart failure 
therapy may be of benefit.  
 Increased natriuretic peptides are powerful predictors of outcome in heart failure. 
As a consequence, several studies have examined the value of NT-proBNP-guided ther-
apy on outcome. Since the first small trial suggesting a benefit 23, several though not all 
studies have found a benefit of NT-proBNP-guided therapy on outcome, which, howev-
er, seems to be restricted to patients <75 years of age 11, 24, as first described in TIME-
CHF, which included a large number of patients ≥75 years. In contrast to the findings on 
the main outcome measures in TIME-CHF but also other studies 24 and a recent meta-
analysis 25, NT-proBNP-guided heart failure treatment in that patient group significantly 
interacted with the increase in LVEF similar to that observed in younger patients. We 
therefore speculate that the neutral results of NT-proBNP-guided treatment strategies 
in the elderly do not relate to a lack of effectiveness of intensified heart failure treat-
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ment, but rather to the dilution of the effect by the large number of comorbidities 
which significantly impacted on outcome but were not influenced by intensifying heart 
failure therapy. In that aspect, the GUIDing Evidence based therapy using biomarker 
Intensified Treatment (GUIDE-IT) trial will include a larger patient population and thus 
will be able to further define the value of biomarker guided therapy in elderly patients 
with regards to clinical endpoints. 
 Overall, our results are in line with the results from the PROTECT trial that had 
shown reverse remodeling both in patients on symptom-guided and on NT-proBNP-
guided therapy, with a larger effect in the latter. However, there are important differ-
ences between the two studies that should be noted. Our study population was on 
average 13 years older than in PROTECT, which significantly adds to our understanding, 
given the differences found in clinical outcome depending on age 25. Also, TIME-CHF 
was a multicenter trial that recruited patients from smaller, non-tertiary care centers 
too. Thus, the patient population included in TIME-CHF is likely closer to a real world 
heart failure population. In addition, our patients had higher NT-proBNP values at inclu-
sion (median NT-proBNP in PROTECT 2118pg/ml vs. 3832pg/ml in our study), and no 
patients with a biventricular pacemaker were included in the present study vs. 40% of 
all patients in PROTECT. Thus, our results confirm the results of PROTECT, but extend 
the findings to a broader and more real-world heart failure patient population. Addi-
tional echocardiographic parameters showed a reduction in left atrial size, improve-
ment in diastolic and right ventricular function and a reduction in pulmonary pressure. 
In contrast to PROTECT, these changes did not depend on NT-proBNP-guided therapy. 
Nevertheless, these data are important, because they add further support to the notion 
that intensified heart failure therapy is able to reverse the functional consequences of 
heart failure with reduced ejection fraction. 
 We conducted additional analyses exploring the association in improvement in left 
ventricular ejection fraction with outcome. The selection of a cut-off of 10 percent im-
provement in ejection fraction was based on previous data indicating 10 percentage 
points as the upper limit of temporal variability of two-dimensional measurements of 
ejection fraction 17, and thus changes ≥10% can be assumed to represent true im-
provements in individual patients. While the survival analyses presented here are of 
exploratory character and do not take into account treatment strategy assignment, they 
suggest that improvements in left ventricular ejection fraction did translate into ad-
vantages in prognosis. 
 There are limitations to this study. The TIME-CHF trial was designed to compare two 
strategies for treatment of heart failure in patients over the age of 60 years. While the 
two subgroups were defined a priori, the age groups were not large enough to investi-
gate the influence of left ventricular remodeling on outcome according to age group, 
which would have been of particular interest in patients ≥75 years. Evaluable echocar-
diograms were available only in two thirds of eligible patients. However, this proportion 
is similar to values reported from other heart failure trials 6, 21, and the baseline charac-
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teristics of patients included in the present substudy did not differ from the total pa-
tient population. 
 In summary, we show that clinically significant reverse remodeling occurs with in-
tensified medical therapy in heart failure patients independent of age, including a signif-
icant number of patients aged ≥75 years. NT-proBNP-guided treatment significantly 
interacted with the improvement in LVEF in both age groups suggesting that larger 
increase in heart failure therapy is associated with a greater change in LV function, 
reverse remodelling and as a consequence better outcome than standard therapy, 
independent of age. 
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ABSTRACT 

Introduction: Changes in left ventricular (LV) torsion have been related to LV geometry 
in patients with concomitant long-standing myocardial disease or pulmonary hyperten-
sion (PH). We evaluated the effect of acute high altitude-induced PH on LV geometry, 
volumes, systolic function and torsional mechanics. 
 
Methods: 23 volunteers were studied at low altitude and after the second (“D3”) and 
third night (“D4”) at high altitude (4559m). LV ejection fraction, multidirectional strains 
and torsion, LV volumes, sphericity, and eccentricity were derived by speckle tracking 
on 3D echocardiographic datasets. Pulmonary pressure was estimated from the tran-
stricuspid pressure gradient (TRPG), LV preload from enddiastolic LV volume and trans-
mitral over mitral annular E velocity (E/e’).  
 
Results: At high altitude, oxygen saturation decreased by 15-20%, heart rate and cardiac 
index increased by 15-20%, and TRPG increased from 21±2 to 37±9 mmHg (p<0.01). LV 
volumes, preload, ejection fraction, multidirectional strains and sphericity remained 
unaffected, but diastolic (1.04±0.07 to 1.09±0.09 on D3/D4, p<0.05) and systolic 
(1.00±0.06 to 1.08±0.1 (D3) and 1.06±0.07 (D4), p<0.05) eccentricity slightly increased, 
indicating mild LV D-shaping. LV torsion decreased from 2.14±0.85 to 1.34±0.68 
(p<0.05) and 1.65±0.54 (p=0.08) degrees/cm on D3/D4, respectively. Changes in torsion 
were weakly but significantly related to changes in systolic (r=-0.369, p=0.013) and 
diastolic (r=-0.329, p=0.032) eccentricity, but not to changes in TRPG, heart rate or 
preload.  
 
Conclusion: High altitude exposure was associated with mild D-shaping of the ventricle 
and reduced ventricular torsion at unchanged global left ventricular function and pre-
load, suggesting a relation between LV geometry and torsional mechanics. 
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INTRODUCTION 

The left ventricle reshapes during the cardiac cycle in order to reduce the volume of its 
cavity against the load imposed on it. Besides myocardial shortening and thickening, this 
deformation encompasses a characteristic wringing motion of the left ventricle along its 
longitudinal axis, referred to as left ventricular (LV) twist or torsion 1. LV torsion is char-
acterized by a small clockwise rotation of the base, and a larger counterclockwise in the 
apical region, attributed to a dynamic interaction between shortening in nearly perpen-
dicularly oriented myofibre helices in the subendocardial and subepicardial layers 1. By 
deforming the subendocardial fibre matrix in the cross-fibre direction (cross-fibre 
shortening), torsion during ejection in turn is believed to act as a systolic amplification 
mechanism, contributing to the transformation of a 15-20% shortening of the active 
contractile elements (myofibres) into a volume reduction of about 60% at the left ven-
tricular cavity level 2. Consistent with the dependence on both myofibre shortening as 
well as myofibre orientation across and along the LV myocardium, a number of studies 
have not only identified myocardial loading and contractility, but also concentric re-
modelling to influence torsion in the human heart. Studies reporting on the specific role 
of LV geometry have been scarce and generally limited to patient populations with long-
standing myocardial disease, remodelling and LV loading as potential confounders 3-7. 
We sought to assess the influence of short-term cardiac shape changes and pulmonary 
hypertension (PH) on LV torsion in healthy volunteers rapidly ascending to high altitude. 
Given the three-dimensional (3D) nature of LV geometry and deformation as well as the 
advantage of 3D echocardiography with regard to plane alignment standardization, 3D 
speckle tracking echocardiography was used to calculate LV volumes, geometry, torsion 
and multidirectional deformation (strains).  

METHODS 

^ƚƵĚǇ�ƉĂƌƚŝĐŝƉĂŶƚƐ�

The study recruited 25 healthy volunteers between 18 and 65 years for a multidiscipli-
nary high altitude physiology study. Criteria of exclusion included chronic intake of med-
ication, an abnormal baseline echocardiogram (mild valvular regurgitation was accept-
ed), or known cardiopulmonary and other chronic diseases. Furthermore, we excluded 
volunteers who had spent more than 5 nights at an altitude higher than 2500m within 
the last 30 days. The study conformed to the Declaration of Helsinki and was approved 
by the Ethical Committee of the University of Zurich. All subjects gave written informed 
consent to participation. Two subjects were excluded from analysis because of poor 3D 
echocardiographic windows. 
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^ƚƵĚǇ�WƌŽƚŽĐŽů�

Three to four weeks after baseline measurements at the University Hospital of Zurich 
(“Base”, 450 m), study participants travelled to Alagna (Italy, 1205 m) from where they 
were carried by cable car to an altitude of 2900 m. They continued on foot to the 
Gnifetti hut (3647 m) where they spend the night. After an ascent of 4 to 6 h they 
reached the Capanna Regina Margherita research facility (Italy, 4559 m) around noon of 
the following day (day 1). Cardiopulmonary testing including standard and 3D echocar-
diography was performed on the morning following the first (“D2”), second (“D3”) and 
third night (“D4”) spent at the Margherita hut. Peripheral arterial O2-saturation (SatO2) 
was measured by pulse oximetry, Blood pressure was measured immediately prior to 
echocardiography, resting heart rate during the 3D-acquisition was derived from the 3-
lead electrocardiogram of the ultrasound machine.  

�ĐŚŽĐĂƌĚŝŽŐƌĂƉŚǇ�

Resting transthoracic echocardiography was performed on a high-end echocardiograph-
ic system (Aplio Artida, Toshiba Medical Systems Corp., Tokyo, Japan) equipped with a 
phased array 2D (PST-30SBT) and a matrix array 3D (PST-25SX) transducer. Pulsed-, 
continuous-wave and colour-coded Doppler, and 2D-acquisitions were performed at 
end-expiratory breath-hold and measurements averaged over 2-4 beats. For the 3D-
based analysis, wide-angled (80° by 80°) ‘full volume’ mode was used, in which four to 
six wedge-shaped sub-volumes were acquired over four to six consecutive cardiac cy-
cles during a single breath-hold, resulting in a pyramidal 4D dataset at 17 to 25 frames 
(mean 18.7+1.2) per second 8, 9. 

�ŽƉƉůĞƌ�ĂŶĚ�Ϯ��ďĂƐĞĚ�ĞĐŚŽĐĂƌĚŝŽŐƌĂƉŚŝĐ�ĂŶĂůǇƐŝƐ�

From the mitral-inflow pattern, the peak of the early (E) and the effective late (Aeff) 
filling velocities and their ratio were determined, with Aeff calculated as A – E at A, with 
E at A representing the residual E velocity at onset of the A-wave in case of partial fu-
sion. The tissue Doppler early systolic (LV-s’) and diastolic (e’) velocity registered at the 
inferoseptal and lateral mitral annulus was averaged; the ratio E/e’ was considered to 
reflect left ventricular filling pressure 10. Right atrial pressure was estimated from the 
inferior vena cava size and respiratory collapsibility 11, 12. Systolic (RVPGs) and diastolic 
(RVPGd) right ventricular pressure gradients were derived from the modified Bernoulli 
equation on the continuous-wave Doppler traces of the transtricuspid and transpulmo-
nary regurgitant jets, respectively 11, 12. For the assessment of RV function and size, RV 
end-diastolic (RV-EDA), and end-systolic area (RV-ESA), the resulting fractional area 
change (RV-FAC), the tissue Doppler-derived systolic velocity (RV-s’) and M-mode de-
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rived tricuspid annular plane systolic excursion (TAPSE) were measured on apical four-
chamber views 12.  

dŚƌĞĞͲĚŝŵĞŶƐŝŽŶĂů�ƐƉĞĐŬůĞ�ƚƌĂĐŬŝŶŐ�ĚĞĨŽƌŵĂƚŝŽŶ�ĂŶĂůǇƐŝƐ�

Pyramidal 3D datasets were analysed using 3D wall motion tracking software (Toshiba 
Medical Systems) by a single, experienced investigator. The 3-D dataset was aligned 
along the LV maximal long axis crossing the true apex and the mitral annular plane. 
Then, a vertical long axis (VLA) image plane parallel to the interventricular septum (IVS), 
a horizontal long axis (HLA) image plane perpendicular to the VLA plane and bisecting 
the IVS, and 3 equally distributed short-axis sections were reconstructed (Figure 1) 13. 
After defining an endocardial region of interest adjusted to include trabeculae and pa-
pillary muscles in the LV, the endocardial surface and epicardial bounderies were de-
fined semi-automatically. Finally, automatic speckle tracking of the resulting 3D region 
of interest was performed and fine-tuned using the cine-loop play feature as previously 
described in detail 8, 9. For the purpose of the current study, global torsion was analyzed 
and compared to global LV strains and geometry. LV mass, enddiastolic (LVEDV) and 
endsystolic (LVESV) as well as stroke (LVSV) volumes were derived from the volumetric 
data, respectively. 

ϯ��ƐƉĞĐŬůĞ�ƚƌĂĐŬŝŶŐͲďĂƐĞĚ�>s�ŐĞŽŵĞƚƌǇ�

LV-sphericity was defined as the actual 3D LV volume, divided by the volume of a sphere 
with the LV major long axis length as diameter 14. To express septal flattening (D-
shaping) on the global LV level, LV eccentricity was defined as (area VLA/area HLA). 
Local eccentricity was calculated from the basal, mid-ventricular, and apical short axis 
views as D-VLA/D-HLA, where D-VLA and D-HLA represent the local diameters in the VLA 
and HLA planes, respectively (Figure 1) 12, 15. All measures were performed at end-
diastole and end-systole using the speckle tracking-derived endocardial boundaries on 
the axis-corrected views.  
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Figure 1. 3D plane alignment and geometry measurements on an end-diastolic frame. Top middle and right 
panels show the HLA and VLA planes aligned along the LV longitudinal axis, left panels the true short axis 
images perpendicular to the latter (see text for details). The green and red section lines on the true short axis 
images correspond to the VLA and HLA planes and determine the local D-VLA and D-HLA length at each level,
respectively. For clarity, D-VLA (in green) is projected under the D-HLA direction (in red). Note that LV eccen-
tricity (area VLA/area HLA) as well as local eccentricity (D-VLA/D-HLA) at the base and midventricular level is 
>1. 

ZĞƉƌŽĚƵĐŝďŝůŝƚǇ�

In a random sample of 20 studies, 3D speckle tracking was repeated at least 4 months 
after the initial analysis by the same observer, blinded to the results of prior measure-
ments. The coefficient of variation ranged from 7.5% (LV mass and LV-EDV) to 14% 
(LVESV) for 3D-derived volumes, from 6.5% (area strain) to 16.7% (radial strain) for 
global LV strain measurements and was 24% for LV torsion. Systematic bias expressed 
as a percentage of the initial measurement, was ч3.5% for all, except for radial strain 
(8.4%) For LV diastolic / systolic eccentricity the coefficient of variation was 7.1% / 9.7% 
with a bias ч2.0%.  

^ƚĂƚŝƐƚŝĐĂů�ĂŶĂůǇƐŝƐ�

Continuous variables are presented as mean±SD, categorical data as numbers and per-
centages. Because of a low number of technically adequate 3D acquisitions on D2 due 
to more pronounced tachycardia, invalidating mountain sickness and resting dyspnoea, 
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D2 measurements were excluded from the analysis. A repeated measures analysis of 
variance with Sidak-Bonferroni post hoc testing to correct for the inflation of type 1 
error was used to test for significant differences in hemodynamics, LV geometry, de-
formation and function measures between the 3 time points. When systolic and diastol-
ic parameters were compared at a particular stage, a paired T-test was applied. The 
relation between changes in LV torsion, in hemodynamics, RV/LV functional parameters 
and LV geometry was assessed using linear regression analysis. Statistical analyses were 
performed with SPSS version 20.0 (SPSS, Inc., Chicago, IL). A p value < .05 was consid-
ered statistically significant.  

RESULTS 

The final study population comprised 23 healthy (age 43±9 years, 8 female, BSA 
1.73±0.16 m2, BMI 24±2 kg/m2) volunteers. Resting hemodynamic data and changes 
induced by altitude are displayed in Figure 2. Exposure to altitude was associated with a 
drop in SpO2 of about 15-20%, which appeared to be largely compensated for by a rise 
in cardiac output of 15-20% (Figure 2A&B). Most of this increased cardiac output at rest 
could in turn be ascribed to a comparable rise in resting heart rate, implying that stroke 
volume did not change. Exposure to high altitude markedly augmented systolic and 
diastolic RVPG (RVPGs/RVPGd), from a mean of 21/4 mmHg at baseline to a mean of 
38/13 and 36/12 mmHg at D3 and D4, respectively (Figure 2C). Systemic blood pres-
sures remained unchanged throughout all stages (Figure 2D). 
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Figure 2. Hemodynamics and ventricular loading at baseline and attitude. HR (bpm): heart rate in
beats/minute, all other abbreviations as explained in the main document (methods). The p-values indicated in 
each graph refer to the significance level for both D3 and D4 compared to baseline, and for each parameter 
(on y-axis) within the graph. RVPGd/RVPGs and blood pressure are regarded as markers of RV and LV after-
load, respectively. 

>s�ĂŶĚ�Zs�ĨƵŶĐƚŝŽŶ�ďǇ�ĞĐŚŽĐĂƌĚŝŽŐƌĂƉŚǇ�

Echocardiographic characteristics at baseline and at altitude are shown in Table 1. 
Compared to the baseline measurements, LV torsion was impaired at altitude. After 
correction for multiple comparisons statistical significance was retained at D3, with a 
strong trend at D4 (p=0.08 versus baseline). Conversely, systolic annular velocities sig-
nificantly increased. Other than in torsion and systolic annular velocities, no changes 
were noticed between baseline and altitude at the LV side, whether considering param-
eters reflecting overall LV pumping and diastolic function, the individual strain compo-
nents, or the volumes needed to maintain this systolic function. On the RV side, altitude 
exposure was associated with increases in RV-EDA and RV-ESA, which reached signifi-
cance at D3. Except for RV-s’ at D4, RV systolic function parameters at altitude did not 
significantly differ from the baseline values.. 
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Table 1. RV and LV echocardiograpic data at baseline and altitude 

 450m 4559m D3 4559m D4 

RV EDA (cm2) 20 ± 4.6 22 ± 4.3 † 22 ± 4.6 

RV ESA (cm2) 11 ± 3.0 13 ± 3.0 # 12 ± 2.9 

RV FAC (%) 46 ± 9.9 42 ± 8.3 45 ± 9.0 

RV-s’ 15.7 ± 0.7 16.7 ± 0.8 18.5 ± 0.8 †* 

TAPSE (mm) 26 ± 5 25 ± 3 27 ± 5 * 

LV mass (mg/ml) 154 ± 33 153 ± 33 155 ± 30 

LV EDV (ml) 117 ± 22 114 ± 27 118 ± 22 

LV ESV (ml) 50 ± 11 50 ± 15 49 ± 12 

LV SV (ml) 67 ± 13 64 ± 13 69 ± 13 * 

LV EF (%) 57 ± 4.6 57 ± 4.3 59 ± 5.2 

LV-s’ 9.7 ± 1.7 11.5 ± 2.0 † 12.3 ± 2.0 # 

E/A eff 1.4 ± 0.3 1.5 ± 0.6 1.6 ± 0.6 

e’ 10.7 ± 0.5 10.8 ± 0.6 13.3 ± 1.2 

E / e’ 6.9 ± 1.5 6.7 ± 1.8 6.7 ± 1.5 

Circum. Strain (%) -28.3 ± 4.0 -27.6 ± 3.1 -29.2 ± 4.6 

Longit. Strain (%) -16.0 ± 2.8 -16.4 ± 1.8 -17.3 ± 2.1 

Area Strain (%) -41.5 ± 4.5 -41.3 ± 3.2 -43.2 ± 4.6 

Radial Strain (%) 34.8 ± 7.1 32.5 ± 7.5 35.6 ± 6.7 

LV Torsion (°/cm) 2.14±0.85 1.34±0.68 † 1.65±0.54 

Abbreviations: see text (methods). Values are means ± SD † p<0.05 versus baseline, # p<0.01 versus baseline, 
* p<0.05 versus D3 

>s�'ĞŽŵĞƚƌǇ�

Both systolic and diastolic eccentricity were affected by altitude exposure, whilst LV 
sphericity remained unaltered (Figure 3A and 3B). At baseline, LV geometry resembled a 
cone with a nearly circular cross-section, as reflected by a LV sphericity well under and 
an eccentricity close to unity both at end-diastole and end-systole. Both end-diastolic 
and end-systolic eccentricity values significantly increased at D3 and D4 but the differ-
ence between LV diastolic and systolic eccentricity at baseline (1.04±0.07 vs 1.00±0.06, 
p<0.05) disappeared at high altitude (Figure 3B), indicating that altitude exposure was 
associated with a mild, predominantly systolic ventricular D-shaping. Figures 3C and 3D 
display the effect of altitude exposure on the regional eccentricity as measured at the 
basal, midventricular and apical level. Although eccentricity increased numerically at 
every level, the effect could statistically be demonstrated most consistently at the 
midventricular level.  
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Figure 3. Global and local geometry in diastole and systole at baseline and altitude. Baseline at 450m is repre-
sented by black bars. D3 and D4 at 4559m by light and dark gray bars respectively. # p<0.05 versus systolic
value at same altitude (not calculated for bottom panels). * p<0.05 versus baseline. † p<0.01 

/ŶƚĞƌƌĞůĂƚŝŽŶ�ďĞƚǁĞĞŶ�ŐĞŽŵĞƚƌŝĐĂů͕�ƚŽƌƐŝŽŶĂů�ĂŶĚ�ŚĂĞŵŽĚǇŶĂŵŝĐ�ĐŚĂŶŐĞƐ�

Regression analysis demonstrated that the altitude-induced drop in SpO2 correlated 
with a rise in heart rate (r=-0.517, p<0.001) and cardiac index (r=-0.355, p=0.027). A 
positive relation to LVEF (r=0.378, p=0.018) and TAPSE (r=0.342, p=0.035) was found 
despite their values on average remaining unchanged at altitude. Remarkably, no asso-
ciation between SpO2 and RVPGs could be demonstrated. However, the range of SpO2 
(49-91%) and RVPGs (27-58mmHg) at altitude was much larger than at baseline (Figure 
2) and intra-individual values at D3 and D4 showed good agreement both for SpO2 (r= 
0.658, p<0.001) and RVPGs (r= 0.757, p<0.001), suggesting that large inter-individual 
differences in response to altitude and hypoxia played a dominant role 11, 16. With re-
gard to a potential direct relationship of SpO2 with either geometrical or torsional 
changes, no association reached statistical significance. Systolic (r=0.370, p=0.017) but 
not diastolic (r=0.241, p=0.130) eccentricity significantly related to RVPGs. 
 Regarding torsional changes, regression analysis yielded weak, linear relations to 
changes in TAPSE (r=0.409, p=0.009) and LVEF (r=0.305, p=0.042), again despite aver-
age values of both the latter parameters remaining unchanged at altitude. In addition, a 
significant inverse relation was found between changes in torsion and in diastolic (r=-
0.329, p=0.032) and systolic (r=-0.369, p=0.013) eccentricity. This relation between 
torsional changes and eccentricity remained significant after correcting for LVEF (dias-
tolic r=-0.319, p=0.035; systolic r=-0.336, p=0.026) and TAPSE (diastolic r=-0.337, 
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p=0.035; systolic r=-0.401, p=0.009). The strength of the relationship remained largely 
unaffected also after correcting for changes in RVPGs (diastolic r=0.295, p=0.064; systol-
ic r=0.371, p=0.018), SpO2 (diastolic r=-0.287, p=0.081; systolic r=-0.331, p=0.043), 
heart rate (diastolic r=-0.326, p=0.031; systolic r=-0.384, p=0.010) and cardiac output 
(diastolic r=-0.356, p=0.018; systolic r=-0.420, p=0.004). 

DISCUSSION 

The main finding of the present study is that acute exposure to high-altitude leads to a 
decrease in LV torsion, which in turn relates to LV geometry, in particular to the extent 
of ventricular D-shaping. 
 Whereas previous studies explored twist in patients with a distorted LV geometry 
associated with long-standing alterations in ventricular structure, loading, and/or func-
tion, we investigated the relation between torsion and geometry by a paired analysis in 
healthy subjects, using a well-known short-term intervention (high-altitude exposure), 
and using 3D speckle tracking echocardiography. By substantiating that LV torsion de-
creases as LV eccentricity increases, and that it does so even in the absence of noticea-
ble effects on LV structural remodelling, loading or pump function, our study suggests 
LV eccentricity to be an independent determinant of torsion. 

'ĞŽŵĞƚƌǇ�ĂŶĚ�ƚŽƌƐŝŽŶĂů�ŵĞĐŚĂŶŝĐƐ͖�ĐŽŵƉĂƌŝƐŽŶ�ƚŽ�ƉƌĞǀŝŽƵƐ�ƐƚƵĚŝĞƐ�

A number of 2D speckle tracking studies have hinted towards a link between cardiac 
shape and torsional mechanics 3-6, 17. In particular, LV systolic twist has been reported to 
be impaired in the presence of chronic RV volume 3, 5, 6 as well as pressure overload 4, 
conditions typically associated with LV D-shaping. In patients with isolated atrial septum 
defects undergoing transcatheter closure, Dong and colleagues found an immediate 
restoration of twist mechanics 3 after relief of RV volume overload. Furthermore, in 
patients with persistent RV dilatation and dysfunction after surgical correction of tetral-
ogy of Fallot, impaired LV twist was related both to increased LV eccentricity 6 as well as 
to reduced RV free wall function 5. Finally, an inverse relationship between twist and LV 
eccentricity has been demonstrated also in a study by Puwanant comparing normal 
controls to patients with RV dilatation and RV dysfunction due to chronic pulmonary 
hypertension 4.  
 Whereas our study confirms the inverse relation between LV eccentricity and tor-
sional mechanics, a fundamental difference is that our study involved healthy subjects, 
a pairwise comparison, and an intervention brief and mild enough to avoid remodelling 
and relevant LV loading alterations. Indeed, chronic pulmonary hypertension as in the 
study of Puwanant, is associated with a significant decline in LV enddiastolic and stroke 
volumes, as well as impaired LV diastolic filling 4, 18. This is important, as LV torsion is 
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loading dependent, with lower LV end-diastolic volumes producing lower LV torsion 19. 
The preserved LVEDV, LV-SV, as well as E/A ratio and E/E’ in both the present and previ-
ous studies suggest that pulmonary hypertension induced at such an altitude is not 
associated with measurable decreases in stroke volume or changes in diastolic filling 
markers 16, 20, 21. In addition, in most of the mentioned studies, some kind of RV dysfunc-
tion and/or remodeling was documented. Chronic RV overload may instigate gradual RV 
and septal remodeling, eventually leading to deterioration of contraction and structure 
beyond that explained by altered loading itself 22. The short study duration and the 
paired analyses in healthy subjects practically exclude such structural and contractile 
remodeling effects as potential confounders in our observations. In fact, considering the 
elevated afterload (RVPGs), the preserved RV-FAC and TAPSE and mildly increased annular 
tissue Doppler velocities even suggest RV function to be enhanced during short-term RV 
pressure overload at high altitude 21, 23. Thus, our data established an inverse relation 
between eccentricity and torsion over a relatively large range of mostly mild PH without 
remodeling, RV dysfunction or relevant LV loading changes as potential confounders. 

�ĨĨĞĐƚƐ�ŽĨ�ĂůƚŝƚƵĚĞ�ĞǆƉŽƐƵƌĞ�ŽŶ�ŚĞŵŽĚǇŶĂŵŝĐƐ�ĂŶĚ�ďŝǀĞŶƚƌŝĐƵůĂƌ�ŐĞŽŵĞƚƌǇ�

The primary mechanism underlying PH at altitude is hypoxia-induced arteriolar vaso-
constriction. Exposure to an altitude of 4559m, equivalent to an inspired oxygen con-
centration of roughly half (у0.12) that at sea level (0.21), augments systolic pulmonary 
pressure to an average of about 40mmHg, typically with a considerable interindividual 
variability 16 also seen in the present study. During initial altitude exposure, oxygen 
delivery at rest is maintained constant by an adrenergic surge that raises both heart 
rate and cardiac output by roughly 20% without affecting LV filling, LVEF and stroke 
volume 16, 21, 24, 25. Importantly, altitude-induced PH occurs without any alteration in 
pulmonary artery wedge pressure 16. The increases in heart rate, cardiac output and 
pulmonary pressures observed in our study are in that same range without evidence of 
reduced LV stroke volume or LV preload.  
 The increased LV eccentricity in response to altitude-induced PH is similar to other 
conditions associated with acute and chronic PH 4, 12, 21. RV adaptation to pressure over-
load typically involves a change in geometry from a crescent to a more spherical config-
uration with increased diastolic and systolic areas and volumes 26. Increased RV pres-
sures and RV dilatation cause a decreased transseptal pressure gradient with flattening 
and displacement of the IVS towards the LV 18, 27, 28, resulting in D-shaping of the left ven-
tricle 15, 22. The fact that altitude-induced PH mainly affects systolic RV pressures probably 
explains why this effect was most evident for systolic eccentricity in our study 27. 
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WŽƚĞŶƚŝĂů�ĞǆƉůĂŶĂƚŝŽŶƐ�ĨŽƌ�ƚŚĞ�ŝŶǀĞƌƐĞ�ƌĞůĂƚŝŽŶ�ďĞƚǁĞĞŶ�ƚŽƌƐŝŽŶ�ĂŶĚ�>s�
ĞĐĐĞŶƚƌŝĐŝƚǇ�

The exact mechanisms relating eccentricity to torsion in the present study remain elu-
sive. Torsion is most commonly ascribed to the interaction between epicardial and en-
docardial fibre sheets running at oblique angles within the myocardial wall. These two 
fibre families produce rotational forces with opposite moments. For the generation of a 
net torsion, a mechanical advantage of the epicardial fibers over the endocardial fibers 
is therefore required 1. This mechanical advantage is commonly attributed to the supe-
rior radius and thus leverage of subepicardial relative to subendocardial fibers, although 
their relative angles and transmural gradients in their electrical activation, loading and 
contractility also have been ascribed a role 1, 29. Interestingly, not only multidirectional 
strains but also LV ejection fraction remained unaffected in our study despite decreased 
torsion, potentially indicating that rather than a diminished mechanical interaction 
between the epicardial and endocardial fibers itself, the effect of geometry on torsion 
involves alterations in epicardial vs endocardial loading and/or torque angle through 
septal flattening 29. It is conceivable that the geometric distortion associated with septal 
flattening leads to a change in the arrangement of myocardial fibers. Also, septal flat-
tening reduces the torque angle difference between the right and left sided septal fi-
bers. Thus, a combined effect of relative unloading of the septal “epicardial” fibers and 
equalisation of epi- and endocardial radii may play an important role. In computer 
models Gibbons-Kroeker suggested that the effect of such abnormal bending forces at 
the septum may extend into to the free wall as well 28. They found major distortions 
particularly at the RV insertion points, where left and right ventricular fibers intertwine 
and fibrosis occurs in chronic disease. This may in part explain the link between RV-
function and LV torsion found in most studies 3, 5, 6. 

^ƚƵĚǇ�ůŝŵŝƚĂƚŝŽŶƐ�

Previous studies used 2D imaging and speckle tracking to determine LV twist and geom-
etry. As within the LV volume both regional shape as well as rotation progressively vary 
from base to apex, proper standardisation of the images planes and/or correcting for 
distance between two measurement is mandatory when comparing values within and 
between subjects 30. 3D speckle tracking echocardiography has major advantages in this 
regard, but inherently suffers from lower sampling rates and image quality. This pre-
cludes a judicious analysis of (un-)twisting rates in a study with a limited size like ours. In 
addition, even when employing a single observer and standardized method, measure-
ment variability of LV torsion was high. As bias was negligible and measurement varia-
bility only a fraction of the observed intervention-effect, we believe this issue to have 
introduced noise rather than spurious observations. 
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 Uncertainties remain in particular regarding right-sided filling pressures, and thus on 
the potential effect of diastolic transseptal pressure gradients on the observed LV ec-
centricity and torsional changes at altitude. We did not notice changes in hepatic vein 
flow patterns or inferior caval vein collapsibility in our study. On the other hand, consid-
ering the elevated RV diastolic (and systolic) areas at altitude it appears that the RV 
reacted to increased afterload with augmentation of its operating volumes, i.e. by pre-
load recruitment 21. 

CONCLUSION 

Altitude-induced pulmonary hypertension and LV D-shaping reduced LV torsion even in 
the absence of noticeable effects on LV loading and biventricular pump function. This 
effect was appreciated in a time frame too short to induce structural remodeling. 
Changes in torsion were inversely related to LV eccentricity (D-shaping) even after cor-
recting for other parameters relating to torsion, suggesting a direct relation between LV 
shape and torsional mechanics.  
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1. STATE OF THE ART ECHOCARDIOGRAPHY IN CLINICAL RESEARCH 

Clinical echocardiography has seen a continuous technical development over the last 5 
decades, and echocardiography is today by far the most utilized imaging technique in 
cardiology. At the same time, echocardiography has contributed a great deal to our 
understanding of cardiac physiology and pathophysiology. Novel technical develop-
ments in echocardiography can often be utilized to measure specific parameters with 
more reliability, or to assess parameters that were not readily measurable without 
these technical developments.  
 However, in order to turn the use of echocardiography in a specific research ques-
tion into meaningful science, several caveats apply. First, one needs to have a thorough 
understanding of the knowns and unknowns of the physiologic or pathophysiologic 
process that will be studied. Second, a correct understanding of ǁŚĂƚ�exactly and ŚŽǁ�a 
specific echocardiographic technique will measure is mandatory. Nowhere is this better 
exemplified than in the assessment of myocardial perfusion with ultrasound contrast 
agents, where an understanding of the complex regulation of myocardial blood flow, of 
the properties of ultrasound contrast agents and of ultrasound physics are necessary. 
Last, one needs to keep in mind the limitations of ultrasound imaging. The most im-
portant limitation is the stochastic nature of ultrasound when compared to other imag-
ing techniques like CT or MRI. This and a number of known artefacts can lead to variabil-
ity in the collected data. However, given the wide availability, ease of use and portability 
of ultrasound equipment, and the ever increasing image quality, these limitations are by 
far outweighed not just in clinical practice, but also in research applications. 

2. MYOCARDIAL BLOOD FLOW RESERVE MEASURED WITH MYOCARDIAL 
CONTRAST ECHOCARDIOGRAPHY 

In order to deliver oxygen and nutrients to the myocardium, blood flows through the 
coronary arteries, then arterioles, the myocardial capillaries, drains into myocardial 
venules and veins and finally the right atrium. The flow of blood through the myocardi-
um is determined by the pressure gradient across the vascular bed, also termed coro-
nary driving pressure (CDP) and the resistance (myocardial vascular resistance, MVR) 
offered by the myocardial vascular system. In a normal vasculature at rest and assuming 
a mean aortic pressure of about 90mmHg, the CDP is approximately 80-85mmHg. Nor-
mal epicardial coronay arteries offer almost no resistance to blood flow. However, the 
pressure is reduced to pre-capillary levels of approximately 45mmHg by myocardial 
arterioles; this reduction in pressure is crucial, because a higher hydrostatic pressure in 
the myocardial capillaries would lead to fluid movement out of the capillary bed into 
the myocardium and result in tissue edema. Thus, at rest about 60 percent of the total 
MVR is offered by arterioles. Myocardial capillaries are about 0.15 mm long and their 
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diameter is about 7ȣm, and thus individual capillaries would offer a high resistance1. 
However, the 1.5 billion capillaries present in the human myocardium are laid out in 
parallel, and therefore at rest only about 25% of MVR is offered by the capillaries, lead-
ing to mean capillary pressure of about 30mmHg and a post-capillary pressure of about 
15mmHg. Finally, about 15% of total MVR resistance is offered by the venules2. 
 During exercise, myocardial oxygen demand increases. As oxygen extraction is about 
60-70% at rest and the cardiac venous oxygen content is kept constant during exercise, 
myocardial blood flow is tightly coupled to oxygen consumption3 to meet the increased 
demand. This increase in myocardial blood flow is mainly brought about by a decrease 
in arteriolar resistance 2. The rapid increase in blood flow in response to exercise is 
controlled by a variety of factors. Carbon dioxide and reactive oxygen species are pro-
duced in proportion to myocardial oxygen consumption and function in a feed-forward 
manner to increase myocardial blood flow 4, 5. In addition, tissue hypoxia, adenosine and 
nitric oxide (NO) 6-8 seem to play a role. 
 In subjects that develop HAPE upon ascent to altitude, endothelial dysfunction is 
thought to lead to exaggerated hypoxic vasoconstriction9. However, there are data that 
indicate that this endothelial dysfunction is not limited exclusively to the pulmonary 
circulation, but rather can be found as well in the systemic circulation 10. We therefore 
set out to answer the question, whether the measurement of myocardial blood flow 
reserve in HAPE susceptible subjects compared to controls would show an endothelial 
dysfunction in the coronary circulation as well (Chapter 2). Our data show that myocar-
dial blood flow reserve is impaired in HAPE susceptible subjects at high altitude 11. In-
terestingly, we also showed that in HAPE susceptibles that are treated with either dex-
amethasone or tadalafil to prevent HAPE, myocardial blood flow reserve is not reduced 
at high altitude. Both drugs are thought to promote vasodilation either by an increase in 
the production of NO in the pulmonary vasculature (dexamethasone), or by potentiat-
ing the effect of NO by inhibiting the breakdown of cGMP (tadalafil)12, 13. Thus, while the 
role of NO is somewhat controversial 3, our data argue for a role of NO in the regulation 
of myocardial flow when the human organism is exposed to hypoxia, as occurs at high 
altitude. 

3. ASSESSMENT OF CARDIAC CHAMBER SIZES AND EJECTION FRACTION 

In nearly every cardiac disease, the size of the heart chambers can be altered, and the 
left atrium is no exception. While the left atrium could be viewed simply as a chamber 
receiving oxygenated blood from the pulmonary veins, in fact its function is far more 
complex. During ventricular systole, the left atrium functions as a reservoir that receives 
blood from the lungs, while its volume is enlarged as the mitral annulus displaces to-
wards the left ventricular apex. After mitral valve opening, the left atrium serves as a 
conduit carrying blood directly from the pulmonary veins into the left ventricle. Finally, 
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in late diastole the left atrium contracts and creates a pressure gradient and thus a flow 
from the atrium into the left ventricle. The atrial contraction in late diastole is also 
called “atrial kick” and is thought to contribute directly to left ventricular function 14. 
Obviously, the structure and function of the left atrium is closely related to abnormali-
ties of the left ventricle. Thus, decreased left ventricular ejection fraction or left sided 
valvular disease often lead to increased left atrial filling pressure and consequently to 
left atrial enlargement 15. Initially, left atrial enlargement leads to an improvement in 
atrial function. However, similar to the Frank Starling curve of the left ventricle, left 
atrial function declines, once the volume has surpassed a certain threshold 14. As left 
atrial enlargement reflects left ventricular filling pressures over time, left atrial volume 
measurements have also been compared to the measurement of HbA1c in diabetes16, 

17. Left atrial volume is predictive of cardiovascular events such as atrial fibrillation, 
stroke, heart failure and death in a wide array of populations such as after a myocardial 
infarction 18, heart failure 19, atrial fibrillation 20, after cardiac surgery21, but notably also 
in community based populations 22. Over decades, measurement of the antero-
posterior diameter has been used to assess enlargement of the left atrium. However, 
left atrial dilatation often occurs often more along the long axis of the atrium, and may 
be missed when only the antero-posterior diameter is measured. Left atrial volumes can 
be derived from 2-dimensional images either using an ellipsoid model or the Simpson’s 
method, and assessment with the latter has been shown to be superior over one-
dimensional measurements for predicting adverse cardiac outcomes 23. 3-dimensional 
echocardiography has also been used for the measurement of left atrial volumes, and 
compares favourably to 2-dimensional echocardiography regarding test-retest variabil-
ity and agreement to other imaging methods like magnetic resonance imaging24, 25. 
However, these studies used software that was developed for measuring left ventricular 
volumes on 3-dimensional datasets. We therefore evaluated a novel software tool 
(TomTec Imaging Systems) specifically developed for the assessment of left atrial vol-
umes (chapter 4). This software creates a polyhedron model of the LA using an auto-
mated border-detection technique. We could show that the dedicated software outper-
formed software that was not specifically developed for measuring left atrial volumes in 
terms of accuracy compared to magnetic resonance imaging 26. While the measurement 
of left atrial volumes was somewhat more time-consuming using the 3-dimensional 
software than with 2-dimensional software, in terms of clinical applicability this was not 
relevant. Given the prognostic value of left atrial volumes, this additional time seems 
worthwhile given the increased accuracy and reliability. 3-dimensional echocardiog-
raphy also offers a relatively easy possibility to assess left atrial volumes throughout the 
cardiac cycle, and thus likely will yield a more detailed insight into left atrial function in 
the future. 
 The single number most frequently asked from an echocardiographic study is left 
ventricular ejection fraction. Left ventricular ejection fraction has been used as a cut-off 
value for the indication of drug therapy 27 and device implantation28, 29, and also in the 
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decision on whether to surgically intervene in valve disease30. The accuracy of meas-
urements of left ventricular ejection fraction has typically been investigated in con-
trolled trials in well-characterised, selected patient groups 31. While newer methods like 
left ventricular opacification and 3-dimensional echocardiography clearly improve accu-
racy and reproducibility 31, 32, assessment of left ventricular ejection fraction by the 
Simpson’s biplane method or even by simple eyeballing is clearly a reality in everyday 
clinical practice even today. While such techniques may be adequate to detect even 
small differences in left ventricular ejection fraction in large intervention trials 33, 34, low 
reproducibility may have a significant impact on clinical decision making in individual 
patients. In a large heart-failure patient cohort we compared left ventricular ejection 
fraction measurements made on-site at the recruiting centers to measurements made 
at our core laboratory using Simpson’s biplane method (Chapter 3) 35. While as ex-
pected, we found good overall correlations, there was a high variability in individual 
patients. In a retrospective analysis using well-accepted cut-off values used for indicat-
ing the use of implantable cardioverter-defibrillators, about 20% of patients crossed 
either from having an indication (ejection fraction below cut-off) to having no indication 
(ejection fraction above cut-off) when comparing measurements from the recruiting 
center versus the core laboratory. Thus, our data are clearly a call for the more wide-
spread use of better quantitative methods like the use of contrast agents or 3-
dimensional echocardiography for the measurement of left ventricular ejection fraction. 

4. GUIDED TREATMENT OF HEART FAILURE – EFFECT ON CARDIAC 
REMODELING 

Brain natriuretic peptide (BNP) is released by the cardiomyocytes in response to me-
chanical strain such as occurs in pressure overload36. BNP is synthesized as a 108 amino 
acid precursor which is proteolytically cleaved to the biologically active 32 amino acid 
BNP and the 76 amino acid NT-proBNP which is biologically inactive. As the half-life of 
BNP is about 20 minutes, whereas the half-life of NT-proBNP is 90-120 minutes. Thus, 
measured serum values are lower for BNP than for NT-proBNP. The biological effects of 
BNP counteract the adverse effects of decompensated heart failure. Thus, BNP has a 
natriuretic and diuretic effect, downregulates the renin-angiotensin system, and leads 
to vasodilation37.  
 The rapid elevation of BNP in response to increased wall tension has been used as a 
diagnostic tool to evaluate patients presenting to the emergency room with acute 
dyspnea. It has been shown that the measurement of BNP provides incremental diag-
nostic benefit over historical or physical findings in separating patients with acute dysp-
nea due to cardiac disease from patients with noncardiac causes of dyspnea 38. Thus, 
measurement of BNP in patients suspected of having acute heart failure is currently 
endorsed by clinical practice guidelines39.  
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 When heart failure patients in acute decompensation are treated with loop diuretics 
and ACE inhibitors, BNP levels decrease as a reflection of decreasing left ventricular 
filling pressures 40. Thus, another area where measurement of BNP levels has been 
examined is in guiding heart failure treatment. Several randomized controlled trials 
have been conducted in this area with mixed results. In general, younger patients with 
lower achieved values of BNP experienced a benefit of BNP-guided uptitrating heart 
failure medication41, 42, whereas this effect was not evident in the elderly, or when re-
ductions in BNP were not substantial43. The Trial of Intensified versus standard Medical 
therapy in Elderly patients with Congestive Heart Failure (TIME-CHF) 44 included 499 
patients 60 years or older with systolic heart failure defined as a left ventricular ejection 
fraction ч45%. In addition, the patients had to been at least in New York Heart Associa-
tion (NYHA) class II, and had to hospitalized for heart failure within the year prior ton 
inclusion and to have a NT-proBNP level twice the upper limit of normal. Of note, TIME-
CHF included many patients with an age ш75 years, and thus is representative of a real-
world heart failure population. The patients were randomized into a symptom-guided 
and a NT-proBNP-guided group. In the symptom-guided group, heart failure medication 
was uptitrated with the goal of reducing symptoms to NYHA class II or less. In the NT-
proBNP guided group, medication was uptitrated with the goal of reducing NT-proBNP 
levels to twice the upper limit of normal or less, and symptoms to NYHA II or less. Over-
all, in the study population, NT-proBNP guided treatment did not reduce survival free of 
hospitalizations at 18 months, nor did it improve quality of life. However, in the pre-
specified group of <75 years old patients, hospital free survival and even overall free 
survival was reduced.  
 An important factor in the prognosis of patients treated for heart failure with re-
duced ejection fraction is the reversal of cardiac remodeling45, 46. In a substudy of the 
TIME-CHF, we investigated the evolution of left ventricular ejection fraction and left 
ventricular volumes in patients in the symptom-guided versus the NT-proBNP guided 
groups (chapter 5). Overall, left ventricular ejection fraction increased and both end-
diastolic and end-systolic volumes decreased in the whole study population. The magni-
tude of the increases in left ventricular ejection fraction that we observed was with an 
absolute 10 percentage points surprisingly large, far larger than in drug intervention 
trials in heart failure 46-48. In addition, the assignment to a NT-proBNP guided treatment 
strategy significantly and favourably interacted with the increase in left ventricular ejec-
tion fraction. This effect was independent of age, and was also present in patients ш75 
years. Our data thus shed some light on the difficulties faced when treating elderly 
heart failure patients, which is the large and growing population. The fact that im-
provements in cardiac functional parameters do not translate into better clinical out-
comes as is the case in the younger patients, suggests that other factors such as comor-
bidities play a more important role in the elderly. 
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5. LEFT VENTRICULAR TORSION AT HIGH ALTITUDE 

Myocardial fibers in the left ventricle are arranged obliquely relative to the long axis. 
Fibers in the subendocardium spiral around the long axis right-handed, whereas the 
orientation of subepicardial fibers is left handed. When viewed from the apex towards 
the base, this leads to a predominantly clockwise rotation of the base of the heart, and 
a counterclockwise rotation of the apex during systolic contraction, producing a wring-
ing motion of the left ventricle 49. Several cardiac diseases have an impact on left ven-
tricular torsion, such as pressure overload in aortic stenosis50, ischemic heart disease 51, 
dilated cardiomyopathy 52 and diabetes53. Left ventricular geometry may be one im-
portant determinant of left ventricular torsion, and in fact this has been investigated in 
several studies. However, the drawback of these studies was that the influence of ge-
ometry on torsion was investigated in patient populations with cardiac or pulmonary 
disease, which may affect torsion independent of geometry 54, 55. Pulmonary pressure 
induced septal flattening in healthy subjects that are exposed to high altitude offer a 
unique possibility to study the influence of changes in left ventricular geometry on tor-
sion mechanics. As one of the disadvantages of 2-dimensional speckle tracking echocar-
diography for the assessment of torsion is out-of plane motion through the cardiac 
cycle 56, we used 3-dimensional speckle tracking echocardiography to assess the influ-
ence of changes in left ventricular geometry on torsion in healthy subjects rapidly as-
cending to 4550 meters above sea level (chapter 6). We could show that the increase in 
pulmonary artery pressure that occurs at high altitude leads to left ventricular D-
shaping which in turn caused a decrease in left ventricular torsion. As these subjects 
were healthy and the time spent at high altitude was too short for left ventricular re-
modeling to occur, we could establish a direct relationship between left ventricular 
geometry and torsion. 

6. CONCLUSIONS AND FUTURE DIRECTIONS 

In this thesis, we have used state-of-the art echocardiography to improve knowledge of 
left ventricular and left atrial structure, physiology and function. In individuals exposed 
to high altitude we showed a reduced myocardial blood flow reserve in subjects devel-
oping high altitude pulmonary edema (chapter 2). This points to a reduced endothelial 
function in the myocardial microcirculation in response to hypoxia at high altitude in 
susceptible individuals. These findings raise the important question whether at low 
altitude there are also subsets of the population that react differently to hypoxia which 
can occur in critical disease, and whether such differences have prognostic implications. 
Measurements of blood flow reserve using myocardial contrast echocardiography could 
in the future possibly contribute to assessing the microcirculatory function and its prog-
nostic implication in patients with critical disease with hypoxia. In a similar patient 
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population exposed to high altitude we used 3-dimensional echocardiography to assess 
torsional left ventricular mechanics, and could show that hypoxia induced pulmonary 
artery hypertension and the accompanying left ventricular D-shaping leads to decreases 
in the extent of torsion (chapter 6). These data are important for understanding the 
effect of changes in left ventricular geometry on torsion. Pulmonary artery hypertension 
due to diseases at low altitude such as chronic obstructive pulmonary disease or pul-
monary embolism often goes hand in hand with pathophysiologic effects that impact 
left ventricular function independently. In contrast, high altitude exposure is an ideal 
model to study the physiologic effects of changes in left ventricular geometry on torsion 
without the confounding effects of diseases that lead to elevated pulmonary artery 
pressure at low altitude. 3-dimensional echocardiography was also used to assess left 
ventricular volumes and validate a novel software tool against the gold standard mag-
netic resonance (chapter 4) and could show that echocardiographic 3-dimensional 
measurements are more accurate than 2-dimensional echocardiography. Thus, future 
studies should assess whether more accurate measurements of left atrial volumes could 
aid in patient risk stratification – not just in heart failure, but possibly also in valvular 
heart disease such as mitral regurgitation. In a large heart failure population, we used 
echocardiography to assess left ventricular function and remodeling (chapters 3 and 5). 
As a caveat regarding 2-dimensional echocardiography, we found a relatively high vari-
ability in the assessment of the left ventricular ejection fraction with potential implica-
tions on the selection of patients for therapies such as implantation of implantable 
cardioverter defibrillators (ICD). Future studies will have to assess whether technical 
developments such as left ventricular opacification using contrast agents or 3-
dimensional measurements of left ventricular function decreases variability and results 
in less patients in which there are uncertainties regarding the indications of therapies 
like ICDs. Finally, in the same heart failure cohort we assessed the influence of NT-
proBNP-guided versus symptom-guided intensification of heart failure therapy. We 
found an increase in left ventricular ejection fraction that was larger in the patients with 
NT-proBNP-guided therapy. This was true both for patients <75 as well as patients ш75 
years of age, whereas an improvement in clinical outcome measures was present only 
in the younger patients. This may be due to more comorbidities, and larger studies 
dedicated to elderly patients may be necessary to show a potential beneficial effect of 
NT-proBNP-guided therapy, and a multicenter trial that will hopefully answer this ques-
tion is currently underway 57. Thus, in summary in this thesis we have used various 
echocardiographic techniques to improve the understanding of cardiac physiology and 
structure in patients with heart failure and in healthy volunteers exposed to high alti-
tude. 
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7. VALORISATION 

Echocardiography has developed into an imaging technique that is indispensable in the 
current practice of cardiology. Research that covers all aspects of modern echocardiog-
raphy continues to be highly relevant in a wide range of areas.  
 First, the performance of existing techniques such as the assessment of left ven-
tricular ejection fraction using either visual assessment or the Simpson’s biplane meth-
od has often been validated in relatively selected patient population. Therefore, it is 
important to assess the performance of these techniques also in larger populations that 
more closely resemble populations that are typically encountered in everyday clinical 
practice. The data presented in chapter 3 of this thesis show that conventional assess-
ment of left ventricular ejection fraction is fraught with a considerable variability in an 
elderly heart failure population. The data also show that this can potentially have a 
significant impact on clinical decision making such as in whom to implant an ICD. These 
data are relevant on several levels. Of course, in the light of these data, research in 
echocardiography should be directed towards developing techniques for more reliable 
assessment of left ventricular ejection fraction that are applicable in everyday clinical 
practice. In addition, both cardiologists as well as internists caring for elderly heart fail-
ure patients need to be aware of the limitations when measuring left ventricular ejec-
tion fraction. These considerations are also relevant on a socio-economic level when 
considering the use of costly therapies such as ICDs. 
 Second, existing techniques can be used to assess the effect of interventions in 
specific patient populations. In chapter 5, we have used echocardiography to assess the 
effect of intensified heart failure therapy on left ventricular function. We show that, 
overall, intensification in heart failure therapy leads to a significant improvement in left 
ventricular ejection fraction, and that guidance of therapy with the use of the biomarker 
NT-pro-BNP has a positive impact on this improvement. These data are of interest to 
heart failure specialists, and will also be of value when designing future intervention 
trials in heart failure. 
 Third, novel software tools that assist in measuring cardiac dimensions on imaging 
datasets need to be validated in terms of their performance against a gold standard and 
in terms of ease of use. In chapter 4 we compare conventional methods and a novel 
software tool for measuring left atrial volumes against magnetic resonance imaging. We 
show that compared to magnetic resonance imaging, the novel software tool is more 
accurate but also more time-consuming. These data are relevant not only to cardiolo-
gists who need to interpret cardiac imaging studies, but also to engineers and software 
developers. In addition, this novel and more accurate tool could potentially be used in 
future studies that assess the prognostic value of left atrial size for example in patients 
with paroxysmal atrial fibrillation. 
 Fourth, in chapter 1 and chapter 6 we use novel technologies (myocardial contrast 
echocardiography for the assessment of myocardial perfusion, 3-dimensional speckle 
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tracking for the measurement of left ventricular torsion) to asses (patho-)physiologic 
changes that occur during adaptation to high altitude. While at first glance high-altitude 
physiology might seem to be a minor health issue, it should be noted that (a) large pop-
ulations in the Andes and Himalayas are living at high altitude, and (b) people increas-
ingly travel to high altitudes. Thus, there is a growing interest in understanding the 
mechnisms of adaptation to high altitude both in healthy subjects and in subjects that 
are prone to develop high altitude. Thus, the data in chapters 1 and 6 are of interest to 
researchers and health care professionals dealing with people who intend to travel to 
high altitudes. In addition, understanding of the mechanisms of adaptation to high alti-
tude with profound hypoxia may also shed light on the response of the human cardi-
ocirculatory system to hypoxia during disease states at low altitude. 
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SUMMARY 

The introduction gives an overview of how echocardiography has developed, and ex-
plains how the technique can be used to assess cardiac physiology (myocardial perfu-
sion, chamber size and function) and pathophysiology (left ventricular remodeling in 
response to intensified heart failure treatment). 
 This thesis then shows how we have used state-of-the-art echocardiography to 
improve knowledge of left ventricular and left atrial structure, physiology and function. 
In chapter 2, we show that individuals susceptible to high altitude pulmonary edema 
have a reduced exercise-induced myocardial blood flow reserve compared with normal 
individuals, which points to a disturbed endothelial function in the myocardial microcir-
culation in susceptible individuals. In chapter 6, we show that changes in left ventricular 
geometry induced by hypoxia-associated pulmonary artery hypertension at high alti-
tude results in reduced left ventricular torsion. In chapter 4, we validate a novel soft-
ware tool for dedicated measurement of left atrial size using three-dimensional echo-
cardiography. We show that this tool outperforms. conventional 2D echocardiography 
in terms of accuracy. Some of the limitations of applying conventional 2D-
echocardiography measurements of left ventricular ejection to ŝŶĚŝǀŝĚƵĂů patients are 
illustrated in chapter 3. In this chapter, we show that the variability in left ventricular 
ejection fraction measurements could possibly lead to uncertainties for indicating de-
vice therapy such as implantable cardioverter defibrillators in up to one fifth of heart 
failure patients.. Last, echocardiography is used in chapter 5 to shed light on the effects 
of BNP-guided heart failure therapy on left ventricular remodeling in elderly patients. 
We show that clinically significant reverse remodeling occurs with intensified medical 
therapy in heart failure patients independent of age. NT-proBNP-guided treatment 
significantly interacted with the improvement in left ventricular ejection fraction at all 
ages suggesting that a larger increase in heart failure therapy is associated with a great-
er change in left ventricular function, reverse remodelling and as a consequence better 
outcome than standard therapy, independent of age. 
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SAMENVATTING 

De inleiding geeft een overzicht hoe echocardiografie zich de afgelopen decades ont-
wikkelde en legt uit hoe de techniek kan worden gebruikt om inzicht te krijgen in de 
fysiologie (myocardiale perfusie, structuur en functie van de hartkamers) en pathofysio-
logie (remodeling van de linker kamer als antwoord op geïntensiveerde behandeling van 
hartfalen) van het hart. 
 De proefschrift laat dan zien hoe wij state-of-the-art echocardiografie toepassen om 
de kennis te verbeteren van de structuur, fysiologie en functie van de linker kamer en 
de linker boezem. Hoofdstuk 2 toont dat mensen welke gevoelig ervoor zijn op grote 
hoogde een longoedeem te ontwikkelen een verminderde bloedstroom van het myo-
card hebben tijdens inspanning ten opzichte van mensen die niet gevoelig hiervoor zijn. 
Dit wijst erop dat de endotheliale functie van de myocardiale microcirculatie gestoord is 
bij deze mensen wat wederom een connectie met pulmonale hypertensie zou kunnen 
hebben. In hoofdstuk 6 laten wij zien dat veranderingen van de geometrie van de linker 
kamer veroorzaakt door hypoxie geïnduceerde pulmonale hypertensie tot gereduceer-
de torsie van de linker kamer leiden. Dit is een interessant model om de interactie tus-
sen de twee kamers bij verhoging van de pulmonaal-druk beter te kunnen begrijpen. In 
hoofdstuk 4 valideren wij een nieuwe software tool om de structuur van de linker boe-
zem met behulp van drie dimensionale echocardiografie beter te kunnen bepalen. Ten 
opzichte van conventionele twee dimensionele echocardiografie zijn de resultaten meer 
betrouwbaar. Vergelijkbare beperkingen heeft ook de twee dimensionele inschatting 
van de ejectiefractie van de linker kamer. In hoofdstuk 3 laten wij zien hoe groot de 
variabiliteit van deze metingen zijn, wat tot onzekerheid bij de indicatiestelling van 
therapieën kan leiden. In ons voorbeeld laten wij zien dat de indicatie of een implan-
teerbare defibrillator nodig is of niet bij iedere vijfde van onze patiënten met hartfalen 
anders zou zijn geweest. Tenslotte was echocardiografie gebruikt om meer inzicht te 
krijgen in de effecten van BNP gestuurde therapie op remodeling van de linker kamer bij 
hartfalen met verminderde pompfunctie. Wij vonden dat meer geïntensiveerde hartfa-
len therapie met behulp van NT-proBNP gestuurd tot significant meer reverse remode-
ling van de linker kamer leidt onafhankelijk van de leeftijd. Onze resultaten suggereren 
dat een uitbreiden van de hartfalen therapie geassocieerd is met een verbetering van 
de functie van de linker kamer wat wederom tot een beter uitkomst kan leiden dan 
standard therapie, onafhankelijk van de leeftijd. 
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