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General introduction and outline of the thesis





General introduction and outline 15

Merely 50 years ago, Inge Edler and Helmut Hertz were the first to use an ultra-
sound transducer, borrowed from a local shipyard where it was used for the detection 
of cracks in metal plates, to record the motion of cardiac structures. Ever since then, 
the clinical use of echocardiography has steadily increased. Echocardiography is 
an attractive imaging modality for several reasons. It is highly available, relatively 
inexpensive, it does not involve ionising radiation, and images are displayed in real-
time allowing prompt diagnosis. However, despite a staggering technical progress in 
echocardiography, regional myocardial function was, until recently, still assessed by 
visual analysis of wall motion, a relatively inaccurate and poorly reproducible manner. 

During the last 10 years, tissue Doppler imaging has been developed to quantify 
regional myocardial function.1 Initially formatted as a one-dimensional method for 
measurement of regional longitudinal myocardial velocity profiles, tissue Doppler 
imaging has been further developed to allow measurements of one-dimensional 
regional strain.2 This index measures local deformation as opposed to (passive and 
active) motion and thereby better reflects regional myocardial function. However, 
tissue Doppler imaging is inextricably limited by the angle-dependency of the tech-
nique. Because of this limitation, it is not clinically feasible to measure myocardial 
deformation in directions not parallel to the direction of the Doppler beam, such 
as left ventricular rotation. Although some have tried to override this limitation by 
applying complex algorithms,3 measurement of left ventricular rotation by echocar-
diography has only recently become clinically feasible by the development of speckle 
tracking echocardiography.

sPeckle tracking echocardiograPhy

Speckle tracking echocardiography is a new echocardiographic imaging modality 
that is able to relatively angle-independently quantify myocardial wall motion. 
Gray-scale echocardiographic images consist of a speckled pattern. This pattern is 
not the actual image of the scatterers in the tissue itself, but the interference pattern 
generated by the reflected ultrasound. Each region of the myocardium has its own 
unique speckle pattern that remains stable enough to allow spatial and temporal 
image processing with selection and recognition of speckles on the ultrasound image 
by dedicated software packages. The geometric position of the speckles changes 
from frame to frame with the surrounding tissue motion. Therefore, the geometric 
shift of each speckle represents local tissue motion and by tracking these speckles, 
myocardial deformation parameters, such as strain and left ventricular rotation, can 
be calculated.
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left ventricular twist

In the 16th century, Leonardo daVinci already described the rotational motion of the 
left ventricle4, 5 and in 1669, Richard Lower observed that myocardial contraction 
could be compared with ‘the wringing of a linen cloth to squeeze out the water’.6 
Three centuries later, cineradiographic studies with radiopaque markers by Ian 
McDonald and Neil Ingels made it possible to measure this wringing motion in the 
human heart.7, 8 The mechanistic basis for this wringing motion or twist lies in the 
complex spiral architecture of the left ventricle as revealed by the anatomical studies 
of Streeter et al.9 and Greenbaum et al.10 The left ventricle consists of obliquely 
oriented muscle fibres that vary from a smaller-radius, right-handed helix at the 
subendocardium to a larger-radius, left-handed helix at the subepicardium. The 
functional consequence of this three-dimensional helical structure is a cyclic systolic 
twisting deformation, resulting from clockwise basal rotation and counterclockwise 
apical rotation (as seen from the apex). Left ventricular twist plays a pivotal role in 
the mechanical efficiency of the heart, making it possible that only 15% fibre short-
ening results in a 60% reduction in left ventricular volume.11 Moreover, diastolic 
untwisting of the left ventricle plays a crucial role in diastolic suction.12 

In the last decades, left ventricular twist has mainly been studied with tagged mag-
netic resonance imaging. However, lack of availability, limited temporal resolution, 
and the time-consuming and complex data analysis have precluded its use in routine 
clinical practice. More recently, it became possible to study left ventricular twist with 
tissue Doppler techniques and two-dimensional speckle tracking echocardiography. 
As mentioned before, this latter technique offers the opportunity to track myocardial 
deformation independently of both cardiac translation and the insonation angle. 

aims and outline of the thesis

In 2007, a prototype version of the Philips QLAB 6.0 software, allowing speckle 
tracking echocardiography, became available at the Thoraxcenter and the studies 
featured in this thesis were started. The thesis is divided into three parts.

Acquisition And AnAlysis of left ventriculAr twist 

Left ventricular rotation increases towards the apical level. Because proper meas-
urement of maximal left ventricular twist by speckle tracking echocardiography is 
critically dependent on correct acquisition of an apical short-axis image, the optimal 
technique is being discussed. In addition, the feasibility and reproducibility of meas-
urement of left ventricular twist is examined.
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Physiology of left ventriculAr twist 

Studies on left ventricular twist may yield new or additional information about 
cardiac physiology, beyond the traditional measurements of radial and longitudinal 
function. Several physiological characteristics, such as changes of left ventricular 
twist with aging and the influence of cardiac shape on left ventricular twist, are 
extensively discussed. 

clinicAl APPlicAtions of left ventriculAr twist

Measurement of left ventricular twist in patients with cardiac disease may reveal 
important information on the pathophysiology of these diseases or may have 
diagnostic value. The clinical application of left ventricular twist in patients with 
noncompaction cardiomyopathy, hypertrophic cardiomyopathy, and aortic valve 
stenosis is discussed.
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abstract

Background. Speckle tracking echocardiography (STE) is increasingly used 
to quantify left ventricular (LV) twist. However, one of the limitations of the 
assessment of LV twist by STE is the crucial dependence on correct acquisition 
of a LV apical short-axis. This study sought to assess the influence of transducer 
position on LV apical rotation measurements.

Methods. The study population consisted of 58 consecutive healthy volunteers 
(mean age 38 ± 13 year, 25 men). To obtain parasternal short-axis images at the 
LV apical level, the following protocol was used. From the standard parasternal 
position (LV and aorta most in-line, with the mitral valve tips in the middle 
of the sector) an as circular as possible short-axis image of the LV apex, just 
proximal to the level with end-systolic LV luminal obliteration, was obtained 
by angulation of the transducer (position 1). From this position, the position of 
the transducer was changed to one (position 2) and two (position 3) intercostal 
spaces more caudal with subsequent similar transducer adaptations.

Results. In 8 subjects (14%) parasternal image quality was insufficient for STE. 
In 13 subjects (22%) the LV apical short-axis could only be obtained from one 
transducer position. In the remaining subjects with two (n = 27) or three (n = 10) 
available transducer positions, a more caudal transducer position was associated 
with increased measured LV apical rotation. Mean measured LV apical rotation 
was 5.2° ± 1.8° at position 1, 7.3° ± 2.6° at position 2 (P <0.001), and 8.7° ± 2.2° 
at position 3 (P <0.001 vs. position 1 and P <0.05 vs. position 2). 

Conclusion. A more caudal transducer position is associated with increased 
measured LV apical rotation.
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introduction

Left ventricular (LV) twist, defined as the wringing motion of the heart as the apex 
rotates with respect to the base around the LV long-axis, has an important role in LV 
ejection and filling.1 Abnormal LV twist has been described in several cardiac diseases 
using tagged magnetic resonance imaging (MRI).2-6 However, implementation of LV 
twist assessed by MRI has been limited by availability and costs of MRI. Speckle track-
ing echocardiography (STE) is a new, emerging echocardiographic image modality 
that is able to quantify LV twist.7, 8 In grayscale images, interference by backscattered 
ultrasound from neighboring structures results in a random speckled pattern. This 
gives each small area a rather unique speckle pattern that remains relatively constant 
from one frame to the next. Hence a suitable pattern-matching algorithm can identify 
the displacement of a speckle pattern from one frame to the next, allowing myocardial 
motion to be followed in two dimensions. The development of STE has caused a 
renewed interest in LV twist parameters.7, 9-12 However, one of the limitations of 
STE for LV twist is the crucial dependence on correct acquisition of a LV apical 
short-axis. Echocardiography textbooks advice to obtain all short-axis views from 
the standard parasternal window by angulating the transducer and when necessary 
moving it slightly lateral.13, 14 However, by this method rotation at the LV apical level 
might be underestimated since only the rotation of the posteriorly situated walls will 
be measured more or less truly apical, whereas the more anterior situated walls will 
be crossected at a more basal or midventricular level (Figure 1). This study sought to 
assess the influence of transducer position on LV apical rotation measurements.

Position 3 Position 2 Position 1

RV

LV

Aortic 
Valve

Mitral 
Valve

Figure 1

Chapter 2

Figure 1. Transducer positions: position 1 (standard), position 2 and 3 (respectively one and two intercostal 
spaces more caudal). LV = left ventricle, RV = right ventricle
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methods

study PArticiPAnts

The study population consisted of 58 consecutive healthy, non-obese (body mass 
index < 30) volunteers (mean age 38 ± 13 year, 25 men), without hypertension or 
diabetes, and with normal left atrial dimensions, LV dimensions, and LV function. 
An informed consent was obtained from all subjects and the institutional review 
board approved the study.

echocArdiogrAPhy

Two-dimensional grayscale harmonic images at a frame rate of 60 to 80 frames/s 
were obtained in the left lateral decubitus position using a commercially available 
ultrasound system (Philips iE33, Best, The Netherlands), equipped with a broadband 
S5-1 transducer (frequency transmitted 1.7MHz, received 3.4MHz). To obtain 
parasternal short-axis images at the LV apical level, the following protocol was used 
(Figure 1). The standard parasternal long-axis position was defined as the position in 
which the LV and aorta were most in-line, with the mitral valve tips in the middle 
of the sector. From that window an as circular as possible short-axis image of the LV 
apex, just proximal to the level with end-systolic LV luminal obliteration, was obtained 
by angulation of the transducer (position 1). From this position, the position of the 
transducer was changed to one (position 2) and two (position 3) intercostal spaces 
more caudal with subsequent similar transducer adaptations. From each short-axis 
image, three consecutive end-expiratory cardiac cycles were acquired and transferred 
to a QLAB workstation (Philips, Best, The Netherlands) for off-line analysis.

dAtA AnAlysis

Analysis of the datasets was performed using QLAB Advanced Quantification Soft-
ware (version 6.0, Philips, Best, The Netherlands) that was recently validated against 
MRI for assessment of LV twist.15 To assess LV apical rotation, six tracking points 
were placed manually (after gain correction) on an end-diastolic frame in each para-
sternal short-axis image close to the endocardium, because in this part of the LV wall 
measurements were most feasible.7 Tracking points were separated about 60° from 
each other and placed on 1 (anteroseptal insertion into the LV of the right ventricle), 
3, 5, 7, 9 (inferoseptal insertion into the LV of the right ventricle) and 11 o’clock to 
fit the total LV circumference. If a tracking point showed poor speckle tracking by 
visual assessment, the position of the tracking point was manually changed on the 
end-diastolic frame in a circumferential direction towards one of the other tracking 
points. Tracking was defined as not possible when it was necessary to change the 
intended position of a tracking point by more than one hour. An echocardiogram 
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was defined as insufficient for STE when tracking in more than one segment was 
not possible.

Rotation was estimated as the systolic maximum of the average angular displace-
ment of all six tracking points relative to the center of a best-fit circle through the same 
tracking points. Counterclockwise rotation as viewed from the apex was expressed as 
a positive value, clockwise rotation was expressed as a negative value. Rotation data 
were exported to a spreadsheet program (Excel, Microsoft Corporation, Redmond, 
WA) to determine systolic peak rotation at the different LV short-axis planes.

stAtisticAl AnAlysis

Measurements were presented as mean ± SD. Rotation data were compared using 
a paired sample t test or one-way ANOVA when appropriate. A P value <0.05 was 
considered statistically significant. To test the intraobserver variability, measurements 
were repeated 4 weeks apart by the same observer (BVD) on the same echocardio-
graphic loop for 10 randomly selected subjects. To test interobserver variability, a 
second observer (MLG) who was unaware of the results of the first measurements, 
performed repeated measurements on the same randomly selected subjects. To test the 
inter-echo variability for the most caudal transducer position, a second sonographer 
(WBV) who was unaware of the results of the first study, repeated image acquisition 
and data analysis in 10 randomly selected subjects. Variability was calculated as the 
mean percent error, derived as the difference between the two sets of measurements, 
divided by the mean of the measurements. 

results

feAsibility of obtAining lv APicAl rotAtion from different trAnsducer 
Positions

In 8 subjects (14%) parasternal image quality was insufficient for STE. In 13 subjects 
(22%) the LV apical short-axis could only be obtained from one transducer position. 
Measured LV apical rotation in these subjects was 6.3° ± 3.4° (position 1, n = 4, 
3.2° ± 0.6°; position 2, n = 7, 7.4° ± 3.4°; position 3, n = 2, 8.7° ± 3.7°). Measured 
LV apical rotation at position 1 was significantly lower, even when obtained from 
only the posterior segments, compared to measured LV apical rotation at the most 
caudal transducer position in subjects with multiple available transducer positions 
(4.1° ± 1.2° vs. 8.9° ± 2.3°, P <0.001). Because a comparison between transducer 
positions was not possible, all subjects with only one available transducer position 
were excluded from analysis. The intended tracking point had to be placed >1h away 
in one segment to adjust for poor speckle tracking in 10 (27%) of the remaining 37 
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subjects. In 27 subjects (47%) apical short-axis images could be acquired from two 
different positions (position 1 and 2 in 19 subjects (33%), and position 2 and 3 in 8 
subjects (14%)). In the remaining 10 subjects (17%) apical short-axis images could 
be acquired from all three transducer positions.

lv APicAl rotAtion At AvAilAble trAnsducer Positions

In all subjects with two (n = 27) or three (n = 10) available transducer positions a 
more caudal transducer position was associated with increased measured LV apical 
rotation (Figure 2). Mean measured LV apical rotation was 5.2° ± 1.8° at position 1, 
7.3° ± 2.6° at position 2 (P <0.001), and 8.7° ± 2.2° at position 3 (P <0.001 vs. position 
1 and P <0.05 vs. position 2). In the subset of subjects with all three transducer posi-
tions available, comparable results were seen (4.3° ± 1.3° at position 1 vs. 5.4° ± 1.1° at 
position 2 vs. 8.3° ± 1.6° at position 3, P <0.001). The most caudal available position 
was position 2 in 19 subjects and position 3 in 18 subjects, with similar measured LV 
apical rotation (9.1° ± 2.5° vs. 8.7° ± 2.2°, P = NS). 
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Figure 2

Figure 2. Individual measured left ventricular apical rotation at the three different transducer positions. Solid 
circle, mean left ventricular apical rotation; T bars, standard deviation

influence of trAnsducer Position on meAsured lv APicAl rotAtion in 
Anterior versus Posterior segments

As seen in Figure 3, there was a significant increase in measured anterior LV segment 
rotation from the most proximal to the most caudal available transducer position 
(P <0.001), whereas for the posterior LV segments a non-significant increase was 
seen. Whether position 2 or position 3 was the most caudal available position did 
not influence measured rotation in the anterior or posterior segments (Figure 3A). 
Comparable results were seen in subjects with all three transducer positions available 
(Figure 3B).
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reProducibility

Intra- and interobserver variabilities for LV apical rotation were 4.6% and 8.5%, 
respectively. In the 10 randomly selected subjects in whom a second sonographer 
repeated image acquisition and data analysis, both sonographers concluded in the 
same 2 subjects that it was not possible to obtain an apical short-axis image from a 
position other than the standard position 1. The inter-echo variability for LV apical 
rotation recorded from the most caudal available transducer position in the remain-
ing 8 subjects was 10.4%.

A

8.7°

Most proximal 
available position

Most caudal 
available position

7.4°

9.9°

8.9°

7.9°

9.8°

5.2°

2.4°

8.0°

P <0.001

P = NS 

9.1°

8.3°

9.9°

Position 2

(n = 19)

Position 3

(n = 18)

P = NS 

Figure 3A

Figure 3B

8.3°

Position 1 Position 2 Position 3

Rotation

7.5°

9.0°

5.4°

3.6°

7.2°

4.3°

2.5°

6.1°

P <0.001

P = NS

B

8.7°

Most proximal 
available position

Most caudal 
available position

7.4°

9.9°

8.9°

7.9°

9.8°

5.2°

2.4°

8.0°

P <0.001

P = NS 

9.1°

8.3°

9.9°

Position 2

(n = 19)

Position 3

(n = 18)

P = NS 

Figure 3A

Figure 3B

8.3°

Position 1 Position 2 Position 3
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7.5°

9.0°

5.4°

3.6°

7.2°

4.3°

2.5°

6.1°

P <0.001

P = NS

Figure 3. Influence of transducer position on measured left ventricular apical rotation in anterior (upper half 
of the circle) and posterior (lower half of the circle) segments. Mean measured left ventricular apical rotation 
is displayed in the center of the circle.

A. All 37 subjects, comparing most proximal and caudal available transducer position
B. 10 subjects with transducer position 1, 2 and 3 available
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discussion

The main finding of this study is increased measured LV apical rotation obtained 
from a more caudal transducer position. In studies using tagged MRI, it has been 
shown that rotation is minimal at the midventricular level and increases towards the 
apex in both healthy volunteers and patients.5, 16-18 In studies in which STE was 
compared with tagged MRI for LV twist, a good correlation was reported.7, 8, 19, 20 
Despite this good correlation, Helle-Valle et al.7, Akagawa et al.19, and Saito et al.20 
described an underestimation of LV twist measured by STE compared to tagged 
MRI. Recently, it was shown by Goffinet et al.21 that LV apical rotation assessed by 
MRI and STE was best correlated when the analyzed short-axis slices best matched 
in anatomy. In echocardiography textbooks13, 14 it is recommended to obtain the 
LV apical short-axis image from the standard parasternal window by angulating the 
transducer and when necessary moving it slightly lateral whereby the cross section is 
made as circular as possible. As seen in Figure 1, by this method LV apical rotation 
may be significantly underestimated. In this study it is shown that measurement of 
LV apical rotation, and in particular rotation in the anterior segments, is critically 
dependent on transducer position. Transducer misplacement, or inability to correctly 
place the transducer, in prior studies may have caused underestimation of true LV 
apical rotation and therefore of LV twist.

clinicAl imPlicAtions

In each patient the most caudal transducer position should be used. Patients in 
whom LV apical rotation can only be measured from transducer position 1 are not 
suitable for assessment of true LV apical rotation. In such patients it may only be 
possible to study changes in LV apical rotation over time. From our study it can be 
estimated that with the current software (QLAB Advanced Quantification, Philips) 
approximately 75% of all patients may be suitable for assessment of LV apical rota-
tion (from the 58 subjects, 8 (14%) were not suitable because of insufficient image 
quality and 4 (7%) because only transducer position 1 was available). Unfortunately, 
we cannot claim that the maximal available LV apical rotation really corresponds 
to true maximal LV apical rotation because a gold standard such as tagged MRI or 
sonomicrometry is lacking in our study.
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abstract

Background. This study sought to find the most robust method for left ventricular 
(LV) rotation measurement by speckle tracking echocardiography (STE) with 
the new QLAB Advanced Quantification Software (version 6.0, Philips, Best, 
The Netherlands). 

Methods. The study population consisted of 40 non-selected patients (mean age 
48 ± 18 year, 20 men) and 50 non-selected healthy volunteers (mean age 34 ± 
12 year, 21 men). Feasibility and intraobserver reproducibility of the measure-
ment of LV rotation parameters by STE were assessed for two different methods 
(method A: 6 tracking points placed mid-myocardial; method B: 6 tracking 
points placed endocardial and epicardial forming 6 myocardial segments). Sub-
sequently, interobserver and temporal reproducibility of the most robust method 
were assessed. 

Results. Complete LV rotation assessment was more feasible with method A 
(60/90 subjects, 67% vs. 50/90 subjects, 56%). In the 49 subjects in whom both 
method A and B were feasible, intraobserver reproducibility of LV rotation 
parameters was better with method A (variabilities 2% ± 3% to 10% ± 9% vs. 2% 
± 4% to 21% ± 18%). With this method, interobserver variability varied from 4% 
± 4% to 13% ± 9% and temporal variability from 4% ± 6% to 19% ± 15%.

Conclusion. The most robust method to assess LV rotation with QLAB software 
is from the mid-myocardium. This method is feasible in approximately two thirds 
of subjects and has good intraobserver, interobserver and temporal reproducibil-
ity, allowing to study changes over time in LV rotation in an individual patient.
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introduction

The apex and base of the heart rotate in different directions, resulting in a twisting 
motion, which has an important role in left ventricular (LV) function.1, 2 Assess-
ment of LV rotation and twist may provide important insights into different types 
of myocardial dysfunction.3, 4 Speckle tracking echocardiography (STE) is a new, 
emerging echocardiographic image modality that is able to quantify LV twist.5, 6 In 
most clinical STE studies, the EchoPac software package (GE Medical Systems, 
Milwaukee, Wisconsin, USA) was used.5-13 The newer QLAB Advanced Quantifi-
cation Software (Philips, Best, The Netherlands) was only recently validated against 
magnetic resonance imaging for assessment of LV twist by STE.14 This software 
allows a manual and flexible approach. However, information about the feasibility 
and the reproducibility of LV rotation parameters with this software package is still 
lacking. This study sought to find the most robust method for LV rotation measure-
ments and to test intraobserver, interobserver, and temporal reproducibility of LV 
rotation parameters.

methods

study PArticiPAnts

The study population consisted of 40 non-selected patients in sinus rhythm (mean 
age 48 ± 18 year, 20 men, 31 with a cardiomyopathy (12 hypertrophic, 10 dilated, 7 
ischemic, 2 noncompaction), 6 with aortic stenosis, and 3 with mitral regurgitation) 
and 50 non-selected healthy volunteers (mean age 34 ± 12 year, 21 men) in sinus 
rhythm without hypertension or diabetes, and with normal left atrial dimensions, 
LV dimensions, and LV function. All subjects gave informed consent and the insti-
tutional review board approved the study.

echocArdiogrAPhy

Two-dimensional grayscale harmonic images at a frame rate of 60 to 80 frames/s 
were obtained in the left lateral decubitus position using a commercially available 
system (iE33, Philips, Best, The Netherlands), equipped with a broadband S5-1 
transducer (frequency transmitted 1.7MHz, received 3.4MHz). A single, experi-
enced, sonographer (WBV) performed all studies. Parasternal short-axis images at 
the LV basal level (showing the tips of the mitral valve leaflets) with the cross section 
as circular as possible were obtained from the standard parasternal position, defined 
as the long-axis position in which the LV and aorta were most in-line with the mitral 
valve tips in the middle of the sector. To obtain a short-axis image at the LV apical 
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level (just proximal to the level with end-systolic LV luminal obliteration) the trans-
ducer was positioned 1 or 2 intercostal spaces more caudal, as previously described by 
us.15 From each short-axis level, three consecutive end-expiratory cardiac cycles were 
acquired and transferred to a QLAB workstation (Philips, Best, The Netherlands) 
for off-line analysis.

dAtA AnAlysis

Analysis of the datasets was performed using QLAB Advanced Quantification 
Software version 6.0 (Philips, Best, The Netherlands). Data analysis started with a 
search for the best STE method with the least need for changes in tracking point 
position and best intraobserver variability in LV rotation measurements. In method 
A, 6 tracking points were placed manually on an end-diastolic frame in the mid-
myocardium in each parasternal short-axis image. Tracking points were separated 
about 60° from each other and placed on 1 (30°, anteroseptal insertion into the LV 
of the right ventricle), 3 (90°), 5 (150°), 7 (210°), 9 (270°, inferoseptal insertion into 
the LV of the right ventricle), and 11 (330°) o’clock to fit the total LV circumference 
(Figure 1A). In method B, 6 tracking points were placed manually on an end-diastolic 
frame in the endocardium in each parasternal short-axis image with the same par-
titioning as described for method A. By increasing myocardial transit, 6 secondary 
tracking points were placed on the epicardium. As shown in Figure 1B, the resultant 
12 tracking points formed 6 LV segments. After positioning the tracking points, the 
program tracks these points on a frame by frame basis by use of a least squares global 
affine transformation. The rotational component of this affine transformation is then 
used to generate rotational profiles. The time necessary to complete analysis, for both 
methods, was calculated from 20 randomly selected studies.

If a tracking point showed poor speckle tracking by visual assessment, the position 
of the tracking point was changed manually on the end-diastolic frame, in both 
methods in a circumferential direction towards one of the other tracking points, but 
not more than one hour (30°). When speckle tracking was still insufficient, the posi-
tion of the mid-myocardial tracking points in method A and the epicardial tracking 
points in method B could be changed additionally in the direction of the endocar-
dium. All necessary positional changes in tracking points were noted. Because all 
tracking points are needed for optimal measurement of global LV rotation, a subject 
was considered insufficient for analysis of global LV rotation by STE and excluded 
from further analysis when despite these changes one or more tracking points still 
did not track well. In the remaining subjects, good image quality was defined as an 
image in which all segments were well visualized, whereas in moderate image qual-
ity one or more segments were not well visualized (but all tracking points visually 
tracked well).



Feasibility and reproducibility of LV rotation parameters 35

The influence of necessary changes in tracking point position on LV rotation 
meas urements was assessed in a stepwise manner in three subjects (1 healthy vol-
unteer, 1 patient with aortic stenosis, and 1 patient with a dilated cardiomyopathy) 
with excellent image quality. First, one mid-myocardial tracking point was moved in 
a circumferential direction by one hour. Subsequently, the same tracking point was 
moved towards the endocardium. Finally, these manipulations were repeated for an 
additional (second) tracking point.

In subjects in whom complete STE analysis was possible with both method A and 
B, intraobserver reproducibility for method A and B was assessed 4 weeks apart by 
one observer (BVD) on the same echocardiographic loop. A second observer (MLG) 
who was unaware of the results of the first examination also assessed interobserver 
reproducibility of the most robust method for assessment of LV rotation parameters 
(in terms of feasibility and intraobserver reproducibility, assessed by the first observer).

Finally, the temporal reproducibility of LV rotation measurements was assessed. 
In 10 clinically stable patients and 10 healthy volunteers two additional echocardio-
grams were made 27 ± 18 days after the first examination (study 2) and one hour 
after this second echocardiogram (study 3).

A  

Figure 1A

Figure 1B

Chapter 3

 

B  

Figure 1A

Figure 1B

Chapter 3

Figure 1.
A. Example of positioning of tracking points using method A
B. Example of positioning of tracking points using method B
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Data were exported to a spreadsheet program (Excel, Microsoft Corporation, 
Redmond, WA) to determine LV peak systolic rotation (Rotmax), time to Rotmax 
(from R wave to Rotmax), instantaneous LV peak systolic twist (Twistmax, defined as 
the maximal value of instantaneous apical LV systolic rotation - basal LV systolic 
rotation), time to Twistmax, and LV untwisting at 5%, 10% and 15% of diastole. 
The degree of untwisting was expressed as a percentage of maximum systolic twist: 
untwisting = (Twistmax - Twistt) / Twistmax x 100%, where Twistt is twist at time t. 
To adjust for intra- and intersubject differences in heart rate, the time sequence was 
normalized to the percentage of systolic duration. The end of systole was defined as 
the point of aortic valve closure. In each study it was verified that the heart rate for 
the cardiac cycle in which the timing of aortic valve closure was assessed, was the 
same as the cardiac cycle used for analysis of the LV rotation parameters. 

stAtisticAl AnAlysis

Continuous variables were presented as mean ± SD and compared using Student’s 
t test or ANOVA when appropriate. The need to adjust the intended position of a 
tracking point was compared using the Pearson Chi-Square test. A P value < .05 
was considered statistically significant. Variability and repeatability were used as 
parameters of reproducibility. Variability was calculated as the mean percent error, 
defined as the absolute difference between the two sets of measurements, divided by 
the mean of the measurements. The standard deviation of repeated measurements 
on the same subject allows measuring the size of the measurement error. This stan-
dard deviation is known as the SDwithin subject. In the current study, SDwithin subject 
was derived from repeated measurements done by the same (intraobserver) or a 
second observer (interobserver) on the same echocardiographic loop, or by the same 
observer on another echocardiographic loop acquired at another moment (temporal) 
in the same subject. A useful way of presenting measurement error is called the 
repeatability, which is calculated as √2 · 1.96 (= 2.77) · SDwithin subject. The difference 
between two measurements is expected to be less than 2.77 · SDwithin subjects in 95% 
of the pairs of observations.16 Intraobserver and interobserver reproducibility of LV 
twist were displayed using Bland-Altman plots.17

results

feAsibility of obtAining lv rotAtion PArAmeters

The feasibility of complete STE analysis was higher for method A (60 subjects, 67%) 
than method B (50 subjects, 56%). In 49 subjects both method A and B were feasible 
and these subjects formed the final study group in which reproducibility analyses 
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were performed. Significantly more adjustments of the intended position of the 
tracking points were required when method B was used (Table 1). At the LV basal 
level, both the endocardial and epicardial tracking points in method B required more 
adjustments than the mid-myocardial tracking points in method A. At the LV apical 
level, the need for adjustments of the intended positions of the epicardial tracking 
points in method B mostly accounted for the difference with method A. In patients 
with moderate image quality significantly more adjustments were required compared 
to patients with good image quality. Both observers usually regarded adjustments 
mandatory in the same tracking points. LV rotation parameters were not statistically 
different between method A and B. The time necessary to complete analysis was 58 
sec ± 14 sec in method A and 74 sec ± 15 sec in method B (P <0.01).

influence of chAnges in trAcking Point Position on lv rotAtion 
meAsurements

Adjustment of a tracking point in the direction of the endocardium, but not in a 
circumferential direction, resulted in higher global basal and apical Rotmax without 
changing time to Rotmax (Table 2). 

Table 1. Necessity to change tracking point position

First Observer Second Observer

Method A Method B Method A

Image quality Endocardium Epicardium All All New

Basal, n (%) All 
(n = 294)

22 (7%) 32 (11%) 47 (16%) 79 (27%) 20 (7%) 2 (1%)

Good
(n = 162)

6 (4%) 9 (6%) 17 (10%) 26 (16%) 4 (3%) 0 (0%)

Moderate
(n = 132)

16 (12%) 23 (17%) 30 (22%) 53 (39%) 16 (12%) 2 (1%)

Apical, n (%) All 
(n = 294)

24 (8%) 5 (2%) 48 (16%) 53 (18%) 26 (9%) 5 (2%)

Good
(n = 162)

6 (4%) 1 (1%) 18 (11%) 19 (12%) 7 (5%) 1 (1%)

Moderate
(n = 132)

18 (14%) 4 (3%) 30 (23%) 34 (26%) 19 (14%) 4 (2%)

Values represent numbers of segments. Method A = 6 tracking points placed mid-myocardial; method B = 6 
tracking points placed endocardial and epicardial forming 6 segments. ‘New’ = compared to the first observer. 
Apart from good vs. moderate method B endocardium apical, all differences between method A and B, and 
between good and moderate image quality P <0.05
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intrAobserver reProducibility

For both method A and B, significantly less intraobserver variability of basal Rotmax, 
apical Rotmax, and Twistmax was seen in subjects with good image quality (Table 3). 
Regardless of image quality, all parameters, apart from time to basal Rotmax, time to 
apical Rotmax, and time to Twistmax, showed significantly less intraobserver variability 
when measured with method A. With method A, all parameters showed acceptable 
intraobserver variabilities, in both good and moderate image quality (variabilities 2% 
± 3% to 10% ± 9%) (Table 3). Bland-Altman analysis confirmed the better intra-
observer reproducibility of method A for Twistmax measurements by demonstrating 
95% limits of agreement of ± 1.2º versus ± 2.2º for method B (Figure 2). 

interobserver reProducibility

As described in the methods section, interobserver reproducibility was only assessed 
for method A, because this was the most feasible method with the best intraobserver 
reproducibility. All parameters assessed with method A showed acceptable interob-
server variability (variabilities 4% ± 4% to 13% ± 9%) (Table 4). Significantly less 
variability of basal Rotmax, apical Rotmax, and Twistmax was seen in subjects with good 

Table 2. Influence of adjustment of the intended position of a tracking point

Subject Standard Adjustment 1 Adjustment 2 Adjustment 3 Adjustment 4

Basal Rotmax, degree 1 -4.0 -4.1 -4.8 -4.8 -6.1

2 -3.6 -3.7 -4.0 -4.0 -4.4

3 -4.6 -4.3 -4.9 -4.8 -5.3

Mean -4.1 -4.0 -4.6 -4.5 -5.3

Apical Rotmax, degree 1 5.3 5.0 6.6 6.7 7.1

2 12.4 12.3 13.0 13.1 14.2

3 8.5 8.4 9.9 9.8 12.4

Mean 8.7 8.6 9.8 9.9 11.2

Time to basal Rotmax, % 1 90 90 93 93 93

2 87 87 87 87 87

3 92 92 92 92 92

Mean 90 90 91 91 91

Time to apical Rotmax, % 1 88 88 88 88 88

2 92 92 92 92 92

3 90 88 85 90 90

Mean 90 89 88 90 90

Adjustments made in tracking points on 1 and 3 o’clock. Adjustment 1: changing the position of a tracking 
point by one hour in a circumferential direction towards one of the other tracking points; Adjustment 2: 
moving this tracking point in the direction of the endocardium; Adjustment 3 and 4 analogous to adjustment 
1 and 2 but for an additional (second) tracking point. Rotmax  = left ventricular peak systolic rotation.
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Two studies of LV twist by the same observer, method A
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Figure 2. Results of Bland-Altman analysis for repeated measurements done by
A. the same observer using method A 
B. the same observer using method B 
C. a second observer using method A
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image quality (all P <0.05). The distribution of the differences of Twistmax measure-
ments done by the two observers is shown by Bland-Altman analysis, demonstrating 
a bias of 0.0º and 95% limits of agreement of ± 1.6º (Figure 2). 

temPorAl reProducibility

Variabilities of LV end-systolic and end-diastolic volume, LV ejection fraction, and 
heart rate between studies were small (between study 1 and 2 10% ± 6%, 9% ± 6%, 
8% ± 7%, and 8% ± 9%, respectively, between study 1 and 3 11% ± 6%, 8% ± 7%, 8% 
± 9%, and 9% ± 10%, respectively, and between study 2 and 3 9% ± 6%, 7% ± 5%, 8% 
± 6%, and 6% ± 6%, respectively). Variabilities of these parameters were comparable 
in patients and healthy volunteers (7% ± 7% to 12% ± 5% and 6% ± 6% to 11% ± 
6%, respectively, P = NS). With the exception of LV untwisting at 5%, 10% and 15% 
of diastole (variabilities 9% ± 11% to 19% ± 15%), all parameters showed acceptable 
temporal variability (variabilities 4% ± 6% to 13% ± 6%). The majority of parameters 
showed less variability in subjects with good image quality compared to subjects with 
moderate image quality, and between study 2 and 3 compared to study 1 and 3 or 1 
and 2 (Table 5).

Table 4. Interobserver reproducibility of method A in 49 subjects

Image quality Mean Variability, % Repeatability

Basal Rotmax, degree All -3.1 ± 2.9 9.0 ± 5.7 0.8

Good -3.7 ± 2.7 7.3 ± 0.6 0.7

Moderate -2.3 ± 2.9 12.3 ± 7.0 0.9

Apical Rotmax, degree All 6.0 ± 4.0 9.8 ± 7.6 1.2

Good 6.0 ± 4.8 7.7 ± 6.2 0.9

Moderate 6.2 ± 2.7 13.3 ± 8.7 1.6

Twistmax, degree All 8.7 ± 4.8 8.6 ± 5.5 1.5

Good 9.3 ± 5.7 7.2 ± 4.3 1.4

Moderate 8.0 ± 3.2 10.9 ± 6.6 1.8

Time to basal Rotmax, % All 89 ± 15 5 ± 7 16

Time to apical Rotmax, % All 88 ± 18 4 ± 5 12

Time to Twistmax, % All 87 ± 13 4 ± 4 11

Untwisting at 5% of diastole, % All 24 ± 20 12 ± 8 10

Untwisting at 10% of diastole, % All 39 ± 22 12 ± 7 12

Untwisting at 15% of diastole, % All 54 ± 28 12 ± 8 13

The unit for repeatability is that of the parameter that it is accounting for. Abbreviations as in Table 3. 
Basal Rotmax, apical Rotmax, Twistmax good vs. moderate P <0.05
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This is the first study in which the reproducibility (intraobserver, interobserver, and 
temporal) of LV rotation parameters measured by STE is extensively investigated. 
The main findings of this study are 1) the most robust method to assess global LV 
twist with QLAB software is from the mid-myocardium, and 2) global LV twist 
measurements with this method are possible in approximately two thirds of subjects 
with good intraobserver, interobserver, and temporal reproducibility. 

influence of trAcking Points Position

STE is an angle independent technique as the movement of speckles can be followed 
in any two-dimensional direction. The QLAB Advanced Quantification Software 
allows a manual and flexible approach for positioning of tracking points. This manual 
approach might improve the feasibility of speckle tracking in general and the clinical 
utility in for example hypertrophic cardiomyopathy patients with asymmetrical myo-
cardial wall thickness, because with conventional speckle tracking software packages, 
it is not possible to appropriately include the entire myocardium in these patients. 
Worsening reproducibility can be a potential consequence of a flexible measurement 

Table 5. Temporal reproducibility in 20 subjects

Image quality Mean Variability, % Repeatability

Study 1-2 Study 1-3 Study 2-3 

Basal Rotmax, degree All -3.3 ± 2.8 9.0 ± 5.1 8.6 ± 5.3 6.3 ± 6.0 0.7

Good -3.7 ± 2.7 7.0 ± 5.2 7.5 ± 4.1 4.2 ± 5.5 0.6

Moderate -2.5 ± 2.8 12.1 ± 3.2 10.4 ± 6.6 9.4 ± 5.7 0.8

Apical Rotmax, degree All 6.2 ± 4.4 9.0 ± 7.6 11.6 ± 7.2 8.5 ± 8.0 1.6

Good 6.2 ± 4.5 7.4 ± 6.5 10.9 ± 8.3 7.3 ± 6.7 1.5

Moderate 6.1 ± 4.6 11.5 ± 8.8 12.5 ± 5.6 10.3 ± 9.9 1.8

Twistmax, degree All 9.1 ± 5.9 8.3 ± 6.1 7.4 ± 6.2 6.9 ± 4.5 2.0

Good 9.7 ± 5.7 7.5 ± 5.7 6.4 ± 5.1 6.9 ± 5.1 1.9

Moderate 8.2 ± 6.4 9.5 ± 6.9 9.0 ± 7.7 6.9 ± 3.8 2.1

Time to basal Rotmax, % All 90 ± 8 8 ± 6 8 ± 9 5 ± 6 17

Time to apical Rotmax, % All 88 ± 11 10 ± 7 9 ± 7 7 ± 7 20

Time to Twistmax, % All 80 ± 15 7 ± 6 9 ± 7 6 ± 6 14

Untwisting at 5% of diastole, % All 21 ± 13 15 ± 11 15 ± 10 9 ± 11 9

Untwisting at 10% of diastole, % All 32 ± 16 16 ± 12 14 ± 12 12 ± 12 12

Untwisting at 15% of diastole, % All 46 ± 14 18 ± 15 19 ± 15 16 ± 19 21

The unit for repeatability is that of the parameter that it is accounting for.  Study 1: t = 0, study 2: t = 27 ± 18 
days, study 3: t = (t of study 2) + 1 hour. Abbreviations as in Table 3
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method. Intraobserver variability of all LV rotation parameters was better when 
rotation was measured in the LV mid-myocardium compared to measurement in 
segments including the complete myocardial wall. This might be explained by the 
higher need to adjust the position of tracking points in the basal endocardium and 
the basal or apical epicardium with the latter method.

The imaged epicardium is sometimes too bright, causing signal saturation. This 
precludes discrimination of the subtleties of image contrast that allows STE to 
work. Also, the size of the actual tracking point is about twice as large as the one 
that is displayed. Therefore, placement of a tracking point in the epicardium can 
potentially result in stationary artifacts by tracking of non-moving speckles outside 
the heart. To avoid this, adjustment of the position of the tracking point towards the 
mid-myocardium can be helpful, but this can result in overestimation of rotation. 
If adjustment of the position of these tracking points is unsuccessful, the stationary 
artifacts can cause underestimation of rotation. 

Motion of the mitral valve leaflets in the area of tracking points placed on the 
endocardium will potentially interfere with proper speckle tracking as well, mak-
ing adjustment of the position of a tracking point in a circumferential direction 
sometimes mandatory. These adjustments seem less influential because they do 
not necessarily result in different rotation values. Nevertheless, in prior studies it 
has been demonstrated that rotational components do differ between segments.1, 

4 Interference of the mitral valve leaflets can potentially limit the ability of STE to 
obtain rotation values of the endocardium for specific LV segments.  

temPorAl reProducibility  

The assessment of temporal reproducibility is an important consideration in the 
expansion of STE to evaluate serial studies of LV rotation in the same patient. 
Temporal reproducibility of LV rotation parameters tended to be better for LV basal 
measurements compared to apical measurements. Short-axis images of the LV apex 
were obtained by moving the transducer one or two intercostal spaces more caudal 
as previously described by us.15 Relative inexperience with this new method, causing 
more variability in the recording, compared to the well-known technique of assessing 
a short-axis image at LV basal level, might have caused this finding. 

Also, temporal reproducibility was better when the temporal interval between 
the studies was less. This might be explained by recall bias. The influence of small 
hemodynamic changes in stable individuals on LV rotation parameters is unknown. 
In the current study, the variabilities of LV volumes and heart rate between studies 
were relatively independent of the time interval between the studies. However, there 
still might have been small, but more extensive hemodynamic changes between the 
studies with the largest time interval, which could potentially explain this finding as 
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well. Nevertheless, with the exception of LV untwisting parameters, the temporal 
variability of all measurements was within acceptable limits.

rePeAtAbility

In the current study, repeatability was used as a surrogate for reproducibility as well. 
A repeatability value indicates that in 95% of repeated cases the deviation of the 
second measurement with respect to the first measurement will be less than this 
repeatability value. For all parameters, repeatability of method A and good image 
quality was better than that of method B and moderate image quality, respectively. 
It should be determined in clinical studies whether the repeatability values found in 
the current study are acceptable.

Previous studies rePorting dAtA on feAsibility And reProducibility of lv 
rotAtion PArAmeters by ste 

Previous studies investigating LV rotation parameters using the EchoPac software 
package only reported limited information about intra- and interobserver variability 
without providing data on temporal reproducibility.5-8, 11, 12 Feasibility of obtaining 
LV rotation parameters in these studies varied widely. Notomi et al.6 and Takeuchi 
et al.11, 12 excluded subjects because of a poor track score, an automated reliability 
parameter based on the degree of decorrelation of the block-matching. This resulted 
in exclusion of maximal 13% of the subjects. In contrast, in the software version used 
by Kim et al.8 the track score was eliminated and replaced by ‘pass or fail’. This, in 
combination with defining assessment of LV rotation not feasible when theoretically 
unacceptable values were obtained, resulted in the exclusion of 65% of the subjects. 
In the study by Kim et al., the in particular high rate of failure to obtain reliable LV 
basal rotation was blamed to the prominent through-plane motion observed at this 
level and dropouts of ultrasound data in the anterolateral and inferolateral segments. 
Motion of the mitral valve leaflets in the area of the tracking points placed on the 
endocardium may also have contributed to failure of tracking at the LV basal level. 
In our study the failure rate was comparable at the LV basal (37%) and apical level 
(31%). The software used in our study allows a manual and thus flexible approach. 
Positioning of the tracking points on the mid-myocardium will prevent interference 
of mitral valve motion in the area of the tracking points, which might to some extent 
explain the higher feasibility of measurement of LV rotation parameters by STE in 
the current study compared to the study by Kim et al. However, proper comparison 
of the speckle tracking software used in previous studies and our study would require 
a direct comparison. 
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limitations

The echocardiographic window is the Achilles’ heel of echocardiography. Therefore, 
a relatively large amount of the subjects had to be excluded from analysis because 
image quality in one or more segments was insufficient for STE analysis. Even the 
best feasible method -mid-myocardial speckle tracking used in method A- resulted in 
exclusion of one third of the subjects. In our experience, for reliable complete speckle 
tracking of all LV myocardial segments using QLAB Advanced Quantification 
Software, at least moderate image quality is mandatory. Therefore, the clinical utility 
of this new technique might currently be hampered by this limitation, in particular 
when regional functional information is required (requiring complete LV assess-
ment). Positioning of the tracking points on an end-systolic frame might improve 
reproducibility because of a clearer delineation of the myocardial borders. However, 
in the current version of QLAB Advanced Quantification Software it is only pos-
sible to position the tracking points on an end-diastolic frame. Unfortunately, we did 
not include patients with atrial fibrillation. It may be anticipated that also in such 
patients the mid-myocardial tracking method will be more reproducible. However, 
temporal reproducibility may be lower because of comparing loops with relatively 
large dissimilarities in RR-intervals, of which the influence on LV twist is currently 
unknown. Finally, a proper evaluation of distinctions in feasibility and reproducibility 
of different speckle tracking software packages from different vendors would require 
a direct comparison of these techniques, which is not performed in the current study.

conclusion

The most robust method to assess LV rotation with QLAB software is from the 
mid-myocardium. This method is feasible in approximately two thirds of subjects 
and has good intraobserver, interobserver and temporal reproducibility, allowing to 
study changes over time in LV rotation in an individual patient.
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abstract

Background. Description and quantification of regional left ventricular (LV) 
rotation and the time course of LV rotation might provide further insight into 
LV function.

Methods. The study comprised 60 healthy volunteers (age 39 ± 15 years, 31 men) 
in whom complete global and regional LV rotation could be assessed at both the 
basal and apical LV level with speckle tracking echocardiography, using QLAB 
Advanced Quantification Software version 6.0 (Philips, Best, The Netherlands).

Results. At the LV basal level, a brief counterclockwise rotation from aortic 
valve opening until 25% ejection was seen in the anterior segments (anterior, 
anteroseptal, anterolateral) only. Clockwise rotation in the anterior segments at 
the basal level was decreased as compared to the posterior segments (inferior, 
inferoseptal, inferolateral) from 25% ejection until A-peak. At the LV apical level, 
all segments showed a brief clockwise rotation during the isovolumic contraction 
phase. Also, at this level there were no differences in regional LV rotation at any 
other moment during the cardiac cycle. There was a marked de-rotation from 
the moment of maximal rotation until E-peak at the LV basal level (79 ± 18%) 
whereas de-rotation during this interval was less pronounced at the LV apical 
level (55 ± 21%). Only at the LV basal level significant linear relationships were 
seen between the E/A ratio and de-rotation extent and velocity from mitral valve 
opening until E-peak (R2 = 0.42 and R2 = 0.40, respectively, both P <0.001).

Conclusion. In the normal human heart significant regional differences in LV 
rotation and de-rotation exist.
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introduction

Counter directional left ventricular (LV) basal and apical rotation causes LV twist, 
which has an important role in LV ejection and filling.1, 2 Speckle tracking echo-
cardiography (STE) is a new, emerging echocardiographic modality that is able to 
quantify this LV twist.3, 4 Most STE studies have focused on peak global systolic 
LV rotation and twist.5, 6 Description and quantification of regional LV rotation 
and the time course of LV rotation might provide further insight into LV func-
tion. Furthermore, regional aspects of wall motion are clinically relevant because 
of recently developed novel therapeutic options for improving regional myocardial 
function in patients with heart failure, such as stem cell therapy.7, 8 Therefore, our 
study sought to comprehensively investigate global and in particular regional LV 
rotation throughout the cardiac cycle in healthy subjects using STE.

methods 

study PArticiPAnts 

The study population consisted of 60 healthy, non-obese (body mass index <27 kg/
m2) volunteers (age 39 ± 15 years, 31 men) in whom complete global and regional 
rotation could be assessed at both the basal and apical LV level. None of the volun-
teers was known with hypertension, diabetes, or use of medication for cardiovascular 
disease, and all had a normal 12-lead electrocardiogram, normal left atrial and LV 
dimensions, and LV function by transthoracic echocardiography. An informed con-
sent was obtained from all volunteers and the institutional review board approved 
the study.

echocArdiogrAPhy

Echocardiographic studies were performed with a commercially available system 
(iE33, Philips, Best, The Netherlands), equipped with a broadband S5-1 trans-
ducer (frequency transmitted 1.7MHz, received 3.4MHz), by a single, experienced 
sonographer (WBV). All echocardiographic measurements were averaged from 
three heartbeats. From the mitral-inflow pattern, peak early (E) and active (A) fill-
ing velocities, and the E/A ratio were measured. Furthermore, the timing of aortic 
valve opening (AVO) and closure (AVC), mitral valve opening (MVO) and closure 
(MVC), the peak and end of E, and the onset and peak of A, were determined using 
pulsed wave Doppler. In each study it was verified that the heart rate for the cardiac 
cycles in which the timing of the different intervals was assessed, was the same as the 
cardiac cycle used for analysis of LV rotation parameters.
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To optimize speckle tracking, two-dimensional grayscale harmonic images were 
obtained at a frame rate of 60 to 80 frames/s. Parasternal short-axis images at the 
LV basal level (showing the tips of the mitral valve leaflets) with the cross section as 
circular as possible were obtained from the standard parasternal position, defined as 
the long-axis position in which the LV and aorta were most in-line with the mitral 
valve tips in the middle of the sector. To obtain a short-axis image at the LV apical 
level (just proximal to the level with end-systolic LV luminal obliteration) the trans-
ducer was positioned 1 or 2 intercostal spaces more caudal as previously described by 
us.9 From each short-axis level, three consecutive end-expiratory cardiac cycles were 
acquired and transferred to a QLAB workstation (Philips, Best, The Netherlands) 
for off-line analysis.

sPeckle trAcking AnAlysis

Analysis of the datasets was performed using QLAB Advanced Quantification 
Software version 6.0 (Philips, Best, The Netherlands), which was recently validated 
against magnetic resonance imaging for assessment of LV twist.10 To assess LV 
rotation, six tracking points were placed manually (after gain correction) on an 
end-diastolic frame on the mid-myocardium in each parasternal short-axis image. 
Tracking points were separated about 60° from each other and placed on 1 (30°, 
anteroseptal insertion into the LV of the right ventricle), 3 (90°), 5 (150°), 7 (210°), 9 
(270°, inferoseptal insertion into the LV of the right ventricle), and 11 (330°) o’clock 
to fit the total LV circumference.

Data were exported to a spreadsheet program (Excel, Microsoft Corporation, 
Redmond, WA) to determine global LV peak systolic rotation (Rotmax), and global 
and regional LV rotation at 25%, 50%, and 75% of ejection, AVC, MVO, E-peak, 
E-end, A-onset, A-peak, and AVO. In contrast to the recommendations for chamber 
quantification by the American Society of Echocardiography,11 the STE software 
program defined 6 segments (anteroseptal [AS], anterior [ANT], anterolateral [AL], 
inferolateral [IL], inferior [INF], inferoseptal [IS]) at both the LV basal and apical 
level. The degree of diastolic de-rotation was expressed as a percentage of Rotmax: 
de-rotation = (Rotmax - Rott) / Rotmax x 100%, where Rott is rotation at time t. 
De-rotation velocity at a specific interval (from t1 to t2) during the cardiac cycle was 
calculated as (Rott2 - Rott1) / (t2 - t1). Counterclockwise rotation as viewed from the 
apex was expressed as a positive value, clockwise rotation was expressed as a negative 
value. To adjust for intra- and intersubject differences in heart rate, the time sequence 
was normalized to the percentage of systolic duration. End-systole was defined as the 
point of aortic valve closure. 
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stAtisticAl AnAlysis

Measurements are presented as mean ± SD. Continuous variables were compared 
using Student’s t test or ANOVA when appropriate. Simple linear regression of 
LV rotation parameters against conventional echocardiographic parameters was 
performed. A P value < .05 was considered statistically significant. Intraobserver and 
interobserver variability for LV rotation parameters in our center varies from 2% ± 
3% to 10% ± 9% and 4% ± 4% to 12% ± 8%, respectively.

results

regionAl bAsAl And APicAl lv rotAtion throughout the cArdiAc cycle

At the LV basal level, the anterior segments showed a brief counterclockwise rota-
tion from AVO until 25% ejection (AS 0.8 ± 2.3 degrees, ANT 1.3 ± 1.4 degrees, AL 
1.1 ± 2.5 degrees), whereas this phenomenon was not seen in the posterior segments 
(IL -1.1 ± 2.0 degrees, INF -0.5 ± 1.5 degrees, IS -0.1 ± 2.0 degrees). Also, at the 
basal level subsequent clockwise rotation at the anterior segments (AS, ANT, AL) 
was decreased as compared to the posterior segments (IL, INF, IS) from 25% ejec-
tion until AVC (all P <0.001) (Table 1, Figure 1). In all segments, Rotmax occurred 
during the interval between 75% ejection and AVC, after which ‘de-rotation’ started. 
In particular in the anterior segments at the LV basal level, there was a short-lasting 
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Figure 1. Schematic left ventricular rotation curves of the different basal and apical segments during the 
cardiac cycle. AVO = aortic valve opening, AVC = aortic valve closure, MVO = mitral valve opening, E-peak = 
left ventricular peak early filling velocity, A-peak = left ventricular peak active filling velocity
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change in the direction of de-rotation, or re-rotation, from E-peak until E-end (AS 
-0.5 ± 0.8 degrees, ANT -0.6 ± 1.0 degrees, AL -0.7 ± 1.1 degrees).

At the LV apical level, all segments showed a brief clockwise rotation during the 
isovolumic contraction phase. There were no differences in regional LV rotation at 
any moment during the cardiac cycle at the LV apical level (Table 2, Figure 1).

globAl bAsAl And APicAl lv rotAtion throughout the cArdiAc cycle

There was a significant difference at all time points between global basal and apical 
LV rotation (all P <0.001) (Table 3). Basal Rotmax was -4.3 ± 2.0 degrees, whereas 
apical Rotmax was 7.5 ± 2.9 degrees, occurring at 92 ± 9% and 90 ± 7% of systole, 
respectively. There was a marked de-rotation from the moment of Rotmax until E-peak 
at the LV basal level (from -4.3 ± 2.0 degrees to -0.9 ± 1.5 degrees, de-rotation 79 ± 
18%), whereas de-rotation during this interval was less pronounced, relatively, at the 
LV apical level (from 7.5 ± 2.9 degrees to 3.4 ± 2.1 degrees, de-rotation 55 ± 21%). 
From E-peak, de-rotation at the LV apical level continued until AVO, whereas at 
the LV basal level there was a short-lasting re-rotation, from E-peak until E-end, 
followed by de-rotation until 25% ejection.  

Table 1. Segmental rotation at the left ventricular basal level

Anteriorly situated segments Posteriorly situated segments

AS ANT AL Mean IL INF IS Mean

Systole

AVO 0.9 ± 1.3 0.4 ± 0.8 0.3 ± 1.5 0.5 ± 1.0 0.9 ± 1.6 1.0 ± 1.0 0.3 ± 1.7 0.7 ± 1.1

25% ejection 1.7 ± 3.3 1.7 ± 2.4 1.4 ± 3.5 1.6 ± 2.1† -0.2 ± 3.0 0.5 ± 2.5 0.2 ± 2.5 0.2 ± 1.7

50% ejection 0.4 ± 3.3 0.3 ± 2.5 0.7 ± 3.5 0.5 ± 2.1† -3.2 ± 3.2 -3.8 ± 3.3 -3.4 ± 3.6 -3.5 ± 2.4

75% ejection -2.0 ± 3.8 -1.3 ± 2.5 -2.0 ± 3.6 -1.8 ± 2.3† -5.3 ± 3.2 -6.3 ± 3.5 -6.2 ± 3.2 -5.9 ± 2.3

AVC -2.0 ± 3.1 -1.8 ± 3.8 -2.5 ± 3.8 -2.1 ± 2.6† -5.5 ± 3.0 -6.6 ± 3.4 -6.5 ± 3.5 -6.2 ± 2.3

Diastole

MVO -1.4 ± 3.2 -1.3 ± 3.5 -1.7 ± 3.9 -1.5 ± 1.3† -3.7 ± 3.4 -4.4 ± 3.8 -4.6 ± 3.5 -4.2 ± 2.6

E-peak -0.5 ± 2.1 -0.4 ± 2.0 -0.6 ± 2.7 -0.5 ± 1.3† -1.2 ± 3.8 -1.4 ± 3.2 -1.5 ± 3.3 -1.4 ± 2.4

E-end -1.0 ± 1.7 -1.0 ± 2.2 -1.3 ± 2.5 -1.1 ± 1.8* -1.4 ± 3.1 -1.7 ± 2.4 -1.8 ± 2.2 -1.7 ± 2.0

A-onset -0.7 ± 1.7 -0.6 ± 1.4 -1.0 ± 1.7 -0.8 ± 1.0† -1.2 ± 2.3 -1.6 ± 2.4 -1.5 ± 2.1 -1.4 ± 1.3

A-peak -0.2 ± 1.4 -0.1 ± 1.3 -0.5 ± 1.3 -0.3 ± 1.0† -0.8 ± 1.8 -1.1 ± 1.9 -0.6 ± 1.4 -0.8 ± 0.7

Data represent rotation values in degrees ± SD. AS = anteroseptal, ANT = anterior, AL = anterolateral, IL = 
inferolateral, INF = inferior, IS = inferoseptal, AVO = aortic valve opening, AVC = aortic valve closure, MVO 
= mitral valve opening, E = left ventricular early filling velocity, A = left ventricular active filling velocity. Only 
mean rotation at the anteriorly and posteriorly situated segments was statistically compared: *P <0.01, †P 
<0.001 vs. mean posteriorly situated segments.
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Table 2. Segmental rotation at the left ventricular apical level

Anteriorly situated segments Posteriorly situated segments

AS ANT AL Mean IL INF IS Mean

Systole

AVO -0.8 ± 1.8 -0.1 ± 2.8 -0.8 ± 2.5 -0.6 ± 1.4 -0.9 ± 3.2 -0.3 ± 2.0 -0.7 ± 1.1 -0.6 ± 2.1

25% ejection 4.3 ± 3.6 3.5 ± 3.2 3.0 ± 4.6 3.6 ± 2.8 2.7 ± 5.0 3.0 ± 4.0 3.9 ± 2.5 3.2 ± 2.5

50% ejection 5.1 ± 3.2 5.4 ± 3.3 5.3 ± 4.8 5.3 ± 2.8 5.4 ± 4.7 5.8 ± 5.2 4.7 ± 3.3 5.3 ± 3.4

75% ejection 7.0 ± 4.3 6.3 ± 3.8 7.1 ± 5.0 6.8 ± 3.4 7.3 ± 5.0 7.4 ± 5.4 6.4 ± 3.5 7.0 ± 3.6

AVC 7.3 ± 4.2 6.8 ± 4.1 7.3 ± 4.7 7.1 ± 3.9 7.7 ± 5.8 8.0 ± 5.8 7.2 ± 4.5 7.6 ± 3.4

Diastole

MVO 4.4 ± 3.2 4.2 ± 3.4 4.5 ± 5.1 4.4 ± 2.9 4.8 ± 5.5 4.9 ± 5.1 4.4 ± 3.4 4.7 ± 3.7

E-peak 3.4 ± 3.5 3.2 ± 3.4 3.3 ± 4.0 3.3 ± 2.6 3.7 ± 4.4 3.5 ± 4.1 3.0 ± 3.8 3.4 ± 3.1

E-end 1.6 ± 2.5 1.1 ± 2.0 1.7 ± 3.5 1.6 ± 1.7 1.8 ± 3.9 1.9 ± 3.0 1.5 ± 2.2 1.7 ± 2.0

A-onset 1.1 ± 1.9 0.5 ± 1.5 1.0 ± 2.7 0.9 ± 2.0 1.4 ± 3.4 1.7 ± 3.4 0.9 ± 1.9 1.3 ± 1.9

A-peak 0.8 ± 1.7 0.4 ± 1.2 0.7 ± 2.0 0.7 ± 1.6 1.0 ± 2.8 1.1 ± 3.5 0.8 ± 1.9 1.0 ± 1.7

Data represent rotation values in degrees ± SD. Abbreviations as in Table 1. No significant differences 
between segments.

Table 3. Global left ventricular rotation and de-rotation

Basal level Apical level

Systole Rotation, 
degrees

Rotation, 
degrees

AVO 0.6 ± 0.8 -0.6 ± 1.3

25% ejection 0.9 ± 1.6 3.4 ± 1.8

50% ejection -1.5 ± 1.9 5.3 ± 2.2

75% ejection -3.9 ± 1.9 6.9 ± 2.8

AVC -4.2 ± 1.6 7.3 ± 3.3

Rotmax -4.3 ± 2.0 7.5 ± 2.9

Diastole De-rotation, 
%

De-rotation velocity, 
degrees/sec

De-rotation, 
%

De-rotation velocity, 
degrees/sec

MVO -2.8 ± 1.4 35 ± 20 17 ± 15† 4.6 ± 2.7 39 ± 20 -33 ± 20

E-peak -0.9 ± 1.5 79 ± 18† 26 ± 18† 3.4 ± 2.1 55 ± 21 -16 ± 12

E-end -1.4 ± 1.4 67 ± 21† -4 ± 8† 1.6 ± 1.5 79 ± 16 -20 ± 16

A-onset -1.1 ± 1.0 74 ± 17† 2 ± 6† 1.1 ± 1.4 85 ± 19 -3 ± 6

A-peak -0.6 ± 0.8 86 ± 20 9 ± 8† 0.8 ± 1.0 88 ± 19 -4 ± 5

Values are means ± SD. Abbreviations as in Table 1. De-rotation velocities represent the mean velocity during 
an interval limited by the preceding event and the event displayed in the same row in the most left column. 
At all time points difference between basal and apical LV rotation P <0.001. †P <0.001 vs. de-rotation and 
de-rotation velocity at apical level.
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relAtionshiP of e/A rAtio And lv de-rotAtion

Adjusted for age and blood-pressure, regression analysis revealed significant linear 
relationships between the E/A ratio and de-rotation extent and velocity from MVO 
until E-peak (R2 = 0.42 and R2 = 0.40, respectively, both P <0.001) at the LV basal 
level, whereas this relationship was absent at the LV apical level (R2 = 0.06 and R2 = 
0.05, respectively, both P = NS) (Figure 2).

discussion

The efficient pump function of the heart remains incompletely characterized.12 To 
provide further insight into normal LV physiology, global and in particular regional 
LV rotation throughout the cardiac cycle in healthy volunteers was investigated 
using STE. The main findings of our study are 1] there are significant differences 
in regional rotation at the LV basal level, whereas regional rotation at the LV apical 
level is more harmonized, and 2] a temporal dispersion exists in basal and apical 
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R2 = 0.05,  P = NSY = 0.013X + 1.12, R2 = 0.40,  P <0.001

Figure 2

Figure 2. Linear regressions between de-rotation extent and de-rotation velocity from mitral valve opening 
(MVO) to the peak of early left ventricular filling velocity (E-peak), and the ratio between early and active 
left ventricular filling velocities (E/A ratio).



Time course of regional and global LV rotation 57

de-rotation during diastole, most likely generating the intraventricular pressure 
gradient that facilitates LV diastolic suction.

regionAl lv rotAtion

Traditionally, regional myocardial function has been assessed with cardiac ultrasound 
by analysis of regional wall motion and thickening. More recently, the measurement 
of either regional velocities or strain indices by color Doppler myocardial imaging or 
STE has been proposed as an alternative.13, 14 Quantification of regional myocardial 
function may also be accomplished by measurement of regional LV rotation.

In our study in healthy volunteers, regional differences in LV rotation at the basal 
LV level were seen. LV rotation originates from the dynamic interaction between 
obliquely oriented myofibres in the subendocardium versus the subepicardium. The 
subepicardial fibres are known to dominate LV rotation due to their larger lever 
arms. Ingels et al.15 described in heart transplant recipients that the direction of 
maximum systolic shortening in the posterior segments was obliquely, in line with 
the subepicardial fibre direction, whereas in the anterior wall equal shortening was 
noted in both the oblique and circumferential direction. The presence of relatively 
more oblique fibres in the posterior segments16 may provide an anatomical base for 
our finding of increased rotation in the posterior segments at the LV basal level.

In contrast, at the LV apical level rotation was more homogeneous. Towards the 
apex the middle layer of the LV wall becomes progressively thinner, so that apical 
to the insertion of the papillary muscles, the more superficial layers form the full 
thickness of the wall, with a more homogeneous fibre structure compared to the LV 
basal level. This, combined with the fact that the apex is free from connections to 
other structures, might contribute to our finding of a more uniform rotation pattern 
at the LV apical level.

globAl lv rotAtion throughout the cArdiAc cycle

Most published STE studies have focused on peak global systolic LV rotation and 
twist.5, 6 Relating global LV rotational deformation to concomitant events through-
out the cardiac cycle might also provide further insight into LV function. It is well 
known that approximately 40% of global LV untwisting occurs during the isovolumic 
relaxation phase.1 The high levels of stored potential energy from the active systolic 
twist that is transformed into kinetic energy may explain the rapid de-rotation in the 
isovolumic relaxation phase. Also, there is a temporal dispersion in endocardial and 
epicardial repolarization, with in early diastole still depolarized endocardial fibres 
(as opposite to the already repolarized epicardial fibres) that will de-rotate the LV 
further (normally the action of these fibres are, as mentioned in the previous section, 
overruled by the epicardial fibres). The faster de-rotation in the isovolumic relaxation 
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phase at the apical level may be explained by the increased, as compared to the basal 
level, systolic rotation, and thus stored potential energy. Interestingly, at the LV basal 
level there is still a profound de-rotation from MVO until E-peak. This may be 
explained by the temporal dispersion in basal and apical repolarization. Since the 
basal endocardial fibres are the latest to be repolarized (repolarization progresses from 
the apex to the base of the heart and from the epicardium to the endocardium, and 
takes approximately 150ms),17 an extra de-rotating force may still be present during 
this period at the basal level. The extent and velocity of de-rotation at the basal level 
from MVO until E-peak was positively correlated to the E/A ratio. Furthermore, 
there is a brief episode of re-rotation at the basal level from E-peak to E-end that 
may partially be explained by the sudden omission of the de-rotational forces of the 
endocardial fibres, at the moment of complete cardiac repolarization. In contrast, 
during this period continuing de-rotation is seen at the LV apical level. Since rota-
tion is related to an increase in LV pressure and de-rotation is related to a decrease 
in LV pressure, this may facilitate blood flow all the way to the apex. The apex to 
base dispersion in velocity and timing of LV de-rotation may have an important role 
in the development and maintenance of the LV intraventricular pressure gradient.1 

conclusion

STE provides further insight into normal LV physiology. In the normal human heart 
significant regional differences in LV rotation and de-rotation exist. 
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abstract

Background. The dynamic interaction between subendocardial and subepicardial 
fibre helices in the left ventricle (LV) leads to a twisting deformation, which has 
an important role in LV function. This study sought to assess the influence of 
cardiac shape on LV twist in the normal and dilated human heart.  

Methods. The study comprised 45 dilated cardiomyopathy (DCM) patients 
and 60 for age and gender matched healthy volunteers. Speckle tracking echo-
cardiography was used to determine basal and apical LV peak systolic rotation 
(Rotmax), and instantaneous LV peak systolic twist (Twistmax). LV sphericity 
index was calculated by dividing the LV maximal long-axis internal dimension 
by the maximal short-axis internal dimension at end-diastole. 

Results. A parabolic relation between the sphericity index and apical Rotmax 
or Twistmax was identified in the total study population (R2 = 0.56, and R2 = 
0.54, respectively, both P <0.001) and healthy volunteers (R2 = 0.39, and R2 = 
0.25, respectively, both P <0.001), whereas these relations were linear in DCM 
patients (R2 = 0.40, and R2 = 0.43, respectively, both P <0.001). In a multivariate 
analysis, LV sphericity index was the strongest independent predictor of apical 
Rotmax and Twistmax.

Conclusion. LV apical rotation and twist are significantly influenced by LV 
configuration. Taken the important role of LV twist into account, this finding 
highlights the vital influence of cardiac shape on LV systolic function.
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introduction

The dynamic interaction between subendocardial and subepicardial fibre helices in 
the left ventricle (LV) leads to a twisting deformation.1 This twisting deformation 
plays an important role in optimizing LV ejection fraction (LV-EF).2 Recently, 
speckle-tracking echocardiography (STE) has been introduced as a new method 
for angle-independent quantification of LV twist.3, 4 Speckles are natural acoustic 
markers that occur as small and bright elements in conventional grayscale ultrasound 
images. The speckles are the result of constructive and destructive interference of 
ultrasound, back-scattered from structures smaller than a wavelength of ultrasound.5 
This gives each small area a rather unique speckle pattern that remains relatively 
constant from one frame to the next. Therefore, a suitable pattern-matching algo-
rithm can identify the frame-to-frame displacement of a speckle pattern, allowing 
myocardial motion to be followed in two dimensions. 

Normally, looking at the heart directly from the anterior wall, the LV fibre helix 
angle varies from approximately -60 degrees at the subendocardium to +60 degrees 
at the subepicardium, with the mid-wall circumferential fibres at 0 degrees.6, 7 
Shortening of this counterdirectional mantle of muscle fibres results in a wringing 
movement of the LV that propels blood out of the LV cavity. It has been suggested 
that changes in the LV fibre helix angle impair LV twist.8 In patients with dilated 
cardiomyopathy (DCM) differences in short-axis and long-axis dilatation result in 
changes in fibre angles that may further impair LV twist and thus cardiac function.9 
This study sought to assess the influence of cardiac shape on LV rotation and twist in 
the normal and dilated human heart.   

methods

study PArticiPAnts

The study population consisted of 45 DCM patients (mean age 40 ± 14 year, 22 men, 
LV-EF 33 ± 13%) and 60 for age and gender matched healthy volunteers (mean age 
38 ± 15 year, 30 men, LV-EF 62 ± 7%) in sinus rhythm, with good echocardiographic 
image quality that allowed for complete assessment of LV rotation of all myocardial 
segments at both the basal and apical LV level. DCM patients were divided into 
three subgroups of 15 patients according to LV-EF (group I: 20-30%, group II: 
31-40%, and group III: 41-50%). Healthy volunteers were without hypertension or 
diabetes, and had normal left atrial dimensions, LV dimensions, and LV function. 
DCM was characterized by LV chamber enlargement and systolic dysfunction, based 
on current guidelines.10 All DCM patients had undergone coronary angiography to 
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exclude significant coronary artery disease. An informed consent was obtained from 
all subjects and the institutional review board approved the study.

echocArdiogrAPhy

Echocardiographic studies were performed with a commercially available system 
(iE33, Philips, Best, The Netherlands), equipped with a broadband S5-1 trans-
ducer (frequency transmitted 1.7MHz, received 3.4MHz), by a single, experienced 
sonographer (WBV). All echocardiographic measurements were averaged from 
three heartbeats. From the second harmonic M-mode recordings the following 
data were acquired: left atrial size, LV end-diastolic anteroseptal and inferolateral 
wall thickness, and LV end-diastolic and end-systolic dimension. The LV sphericity 
index was calculated by dividing the LV maximal long-axis internal dimension by 
the maximal short-axis internal dimension at end-diastole (Figure 1).11 LV mass 
was assessed with the two-dimensional area–length method. LV-EF was calculated 
from LV volumes by the modified biplane Simpson rule.12 The cavity/wall ratio was 
calculated by dividing the end-diastolic LV dimension by the sum of the anteroseptal 
and inferolateral wall thickness. From the mitral-inflow pattern, peak early (E) and 
late (A) filling velocities, E/A ratio, and E-velocity deceleration time were measured. 
Tissue Doppler was applied end-expiratory in the pulsed-wave Doppler mode at the 
level of the inferoseptal side of the mitral annulus from an apical 4-chamber view 
in order to measure the velocity of the mitral annular early diastolic wave (Em). To 
acquire the highest wall tissue velocities, the angle between the Doppler beam and 
the longitudinal motion of the investigated structure was minimized. The spectral 
pulsed-wave Doppler velocity range was adjusted to obtain an appropriate scale. The 
degree of mitral regurgitation (grades I–IV) was assessed as the mid-systolic jet area 
relative to left atrial area in the apical 4-chamber view.13

To optimize speckle tracking, two-dimensional grayscale harmonic images were 
obtained at a frame rate of 60 to 80 frames/s. Parasternal short-axis images at the LV 
basal level (showing the tips of the mitral valve leaflets) with the cross section as cir-
cular as possible were obtained from the standard parasternal position, defined as the 
long-axis position in which the LV and aorta were most in-line with the mitral valve 
tips in the middle of the sector. To obtain a short-axis image at the LV apical level 
(just proximal to the level with end-systolic LV luminal obliteration) the transducer 
was positioned 1 or 2 intercostal spaces more caudal as previously described.14 From 
each short-axis level, three consecutive end-expiratory cardiac cycles were acquired 
and transferred to a QLAB workstation (Philips, Best, The Netherlands) for off-line 
analysis.
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sPeckle trAcking AnAlysis

Analysis of the datasets was performed by STE using QLAB Advanced Quanti-
fication Software version 6.0 (Philips, Best, The Netherlands), which was recently 
validated against magnetic resonance imaging for assessment of LV twist.15 To assess 
LV rotation, six tracking points were placed manually (after gain correction) on an 
end-diastolic frame on the mid-myocardium in each parasternal short-axis image. 
Tracking points were separated about 60° from each other and placed on 1 (30°, 
anteroseptal insertion into the LV of the right ventricle), 3 (90°), 5 (150°), 7 (210°), 9 
(270°, inferoseptal insertion into the LV of the right ventricle), and 11 (330°) o’clock 
to fit the total LV circumference. After positioning the tracking points, the program 
tracked these points on a frame by frame basis by use of a least squares global affine 
transformation. The rotational component of this affine transformation was then 
used to generate rotational profiles. 

Data were exported to a spreadsheet program (Excel, Microsoft Corporation, 
Redmond, WA, USA) to determine basal and apical LV peak systolic rotation dur-
ing ejection (Rotmax), and instantaneous LV peak systolic twist (Twistmax, defined as 
the maximal value of instantaneous apical LV systolic rotation - basal LV systolic 
rotation).

stAtisticAl AnAlysis 

Statistical analysis was performed using programs available in the SPSS statistical 
package (SPSS, v. 15.0, Chicago, IL, USA). Measurements are presented as mean ± 
SD. All variables were tested for normal distribution of the data. Means were compared 
using Student’s t-test. Regression of LV rotation parameters against parameters of 
LV dimension and LV-EF was performed. A quadratic model was used to investigate 

Figure 1

Chapter 5

         

Figure 1

Chapter 5

Figure 1. Left ventricular sphericity index (maximal left ventricular long-axis internal dimension divided by 
the maximal short-axis internal dimension at end-diastole) in a healthy volunteer (left, sphericity index 1.9) 
and a dilated cardiomyopathy patient (right, sphericity index 1.4).
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the relation between LV sphericity index and basal and apical Rotmax and Twistmax 
in healthy volunteers, because a parabolic relation was expected. Other correlations 
were tested using a linear model. Multivariate regression analysis was performed to 
look for independent associations. Squared values of the LV sphericity index were 
used to adjust for the parabolic relations identified in the univariate analyses. A P 
value < .05 was considered statistically significant. Intraobserver and interobserver 
variability for LV twist in our center are 6% ± 6% and 9% ± 5%, respectively.16 

Table 1. Clinical and echocardiographic characteristics of the study population

Healthy volunteers (n = 60) DCM patients (n = 45)

Clinical characteristics

Age, year 38 ± 15 40 ± 14

Male, n (%) 30 (49) 21 (47)

Heart rate, beats/minute 65 ± 12† 74 ± 16

Systolic blood pressure, mmHg 124 ± 15 119 ± 19

Diastolic blood pressure, mmHg 64 ± 10 69 ± 18

Echocardiographic characteristics

Left atrial size, cm 3.6 ± 0.5† 4.2 ± 0.7

IVSd, cm 0.9 ± 0.2* 0.9 ± 0.2

LVPWd, cm 0.9 ± 0.2* 0.9 ± 0.2

LV-EDD, cm 4.9 ± 0.5† 6.2 ± 0.8

LV-ESD, cm 3.3 ± 0.5† 5.0 ± 1.1

LV mass, g 149 ± 53† 227 ± 83

Maximal LV long-axis internal dimension, cm 9.2 ± 1.0 9.7 ± 1.0

LV sphericity index 1.9 ± 0.3† 1.5 ± 0.1

LV-EDV, ml 115 ± 23† 169 ± 58

LV-ESV, ml 45 ± 14† 117 ± 57

LV ejection fraction, % 62 ± 7† 33 ± 13

Doppler indices

E/A ratio 1.5 ± 0.5* 1.8 ± 0.9

Deceleration time, ms 174 ± 34 163 ± 44

E/Em ratio 7.2 ± 1.9† 12.2 ± 5.6

Values are means ± SD. DCM = dilated cardiomyopathy, IVSd = interventricular septal thickness (diastole), 
LVPWd = left ventricular posterior wall thickness (diastole), LV-EDD = left ventricular end-diastolic 
dimension, LV-ESD = left ventricular end-systolic dimension, LV-EDV = left ventricular end-diastolic 
volume, LV-ESV = left ventricular end-systolic volume, E = peak early phase filling velocity, A = peak atrial 
phase filling velocity, Em = peak early diastolic wave velocity. *P <0.05, †P <0.001 vs. DCM
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results 

Clinical and echocardiographic characteristics of the study population are shown 
in Table 1. Heart rate (74 ± 16 beats/min vs. 65 ± 12 beats/min, P <0.001), LV 
end-systolic dimension (5.0 ± 1.1 cm vs. 3.3 ± 0.5 cm, P <0.001) and volume (117 
± 57 ml vs. 45 ± 14 ml, P <0.001), LV end-diastolic dimension (6.2 ± 0.8 cm vs. 4.9 
± 0.5 cm, P <0.001) and volume (169 ± 58 ml vs. 115 ± 23 ml, P <0.001), LV mass 
(227 ± 83 g vs. 149 ± 53 g, P <0.001), left atrial size (4.2 ± 0.7 cm vs. 3.6 ± 0.5 cm, P 
<0.001), E/A ratio (1.8 ± 0.9 vs. 1.5 ± 0.5, P <0.05), and E/Em ratio (12.2 ± 5.6 vs. 
7.2 ± 1.9, P <0.001) were increased, whereas LV sphericity index (1.5 ± 0.1 vs. 1.9 
± 0.3, P <0.001), and LV-EF (33 ± 13 % vs. 62 ± 7 %, P <0.001) were decreased in 
DCM patients as compared to healthy volunteers.

relAtion of lv rotAtion to lv dimension And function in the totAl study 
PoPulAtion

Regression analysis revealed a positive linear relation of apical Rotmax (R2 = 0.40, P 
<0.001), and Twistmax (R2 = 0.39, P <0.001) to LV-EF (Figure 2). A parabolic relation 
between the sphericity index and apical Rotmax (R2 = 0.56, P <0.001) or Twistmax (R2 
= 0.54, P <0.001) was identified (Figure 3). The cavity/wall ratio showed a negative 
linear relation with apical Rotmax (R2 = 0.29, P <0.001) and Twistmax (R2 = 0.31, P 
<0.001). There were no relationships between LV mass and apical Rotmax or Twistmax.

relAtion of lv rotAtion to lv dimension And function in heAlthy 
volunteers

In healthy volunteers, no significant relation could be identified between LV rota-
tion parameters and LV-EF (Figure 2). However, the parabolic relation between the 
sphericity index and apical Rotmax (R2 = 0.39, P <0.001) or Twistmax (R2 = 0.25, P 
<0.001) remained present (Figure 3). The cavity/wall ratio showed a negative linear 
relation with apical Rotmax (R2 = 0.16, P <0.01) and Twistmax (R2 = 0.21, P <0.001). 
There were no relationships between LV mass and apical Rotmax or Twistmax.

relAtion of lv rotAtion to lv dimension And function in dcm PAtients

In DCM patients, a positive linear relation between LV-EF and apical Rotmax (R2 
= 0.11, P <0.05) or Twistmax (R2 = 0.12, P <0.05) was revealed by regression analysis 
(Figure 2). Also, a positive linear relation between the sphericity index and apical 
Rotmax (R2 = 0.40, P <0.001) or Twistmax (R2 = 0.43, P <0.001) could be identified 
(Figure 3). In the three LV-EF subgroups of DCM patients these relationships 
remained observable (LV-EF 20-30%: R2 = 0.42 and R2 = 0.46, respectively; LV-EF 
31-40%: R2 = 0.28 and R2 = 0.36, respectively; LV-EF 41-50%: R2 = 0.31 and R2 = 
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Figure 2 - right

Figure 2. Linear model of regression, showing the linear relation between left ventricular ejection fraction and 
peak left ventricular apical rotation (top) and twist (bottom). Triangles denote apical rotation, squares basal 
rotation and circles twist (open: healthy volunteers; closed: dilated cardiomyopathy patients).
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Figure 3. Quadratic and linear models of regression, highlighting the parabolic relation between left 
ventricular sphericity index and peak left ventricular apical rotation (top) and twist (bottom). Triangles 
denote apical rotation, squares basal rotation and circles twist (open: healthy volunteers; closed: dilated 
cardiomyopathy patients).
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0.44, respectively, all P <0.05) (Figure 4). Th ere were no signifi cant diff erences in age 
(38 ± 12 year vs. 39 ± 15 year vs. 43 ± 1 year, P =NS), heart rate (76 ± 15 beats/min 
vs. 73 ± 14 beats/min vs. 73 ± 13 beats/min, P = NS), systolic blood pressure (116 ± 
14 mmHg vs. 120 ± 16 mmHg vs. 120 ± 15 mmHg, P = NS), diastolic blood pressure 
(68 ± 16 mmHg vs. 68 ± 15 mmHg vs. 71 ± 16 mmHg, P = NS), mitral regurgitation 
grade (1.8 ± 0.6 vs. 1.6 ± 0.8 vs. 1.6 ± 1.1, P = NS), and E/Em ratio (14 ± 5 vs. 12 
± 4 vs. 12 ± 5, P = NS) between the subgroups with LV-EF 20-30%, 31-40%, and 
41-50%, respectively. Th ere were no relationships between the cavity/wall ratio or LV 
mass and apical Rotmax or Twistmax.

multivAriAte AnAlysis

In a multivariate linear regression model applied to the total study population, age 
and LV sphericity index were identifi ed as independent predictors of apical Rotmax 
(beta = 0.399, P = 0.059, and beta = 0.534, P = 0.001, respectively) and Twistmax (beta 
= 0.431, P = 0.071, and beta = 0.616, P = 0.000) (Table 2). Th us, LV sphericity index 
was the strongest independent predictor of apical Rotmax and Twistmax. 

Apical rotation 

Basal rotation   

R2 = 0.11, P = NS 

Y = 4.4 X – 4.3, R2 = 0.42, P <0.01 

Twist 

Y = 7.7 X – 7.5, R2 = 0.46, P <0.01 

Ejection Fraction 20-30% 

Apical rotation 

Basal rotation   

R2 = 0.04, P = NS 

Y = 5.6 X – 5.9, R2 = 0.28, P <0.05 

Twist 

Y = 4.3 X – 0.5, R2 = 0.36, P <0.05 

Ejection Fraction 31-40% 

Apical rotation 

Basal rotation   

Y = 7.0 X – 8.6, R2 = 0.31, P <0.05 

Twist 

Y = 10.5 X – 12.1, R2 = 0.44, P <0.01 

Ejection Fraction 41-50% 

R2 = 0.14, P = NS 
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Left ventricular sphericity index Left ventricular sphericity index Left ventricular sphericity index 

Figure 4. Linear model of regression, showing the linear relation between peak left ventricular apical rotation 
and twist in three subgroups, based on left ventricular ejection fraction, of dilated cardiomyopathy patients. 
Triangles denote apical rotation, squares basal rotation and circles twist.
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discussion

LV twist describes the instantaneous circumferential motion of the apex with respect 
to the base of the heart and has an important role in LV ejection.1 The main finding 
of the current study is that this twisting deformation of the human LV is influenced 
by LV configuration, both in normal subjects and in patients with DCM. 

influence of cArdiAc shAPe on lv twist

In the late 70s, Hutchins et al.9 suggested that an efficient LV configuration would 
be a compromise between a spherical shape that would need the least energy for 
diastolic filling and a tubular shape that would permit maximal conversion of myo-
cyte contraction into cavitary pressure increase. In models of LV mechanics it has 
subsequently been shown that the LV myocardial fibre architecture is important for 
LV function.7, 17 Adequate pressure generation is probably primarily produced via 
circumferential mid-wall fibres, but also by subendocardial and subepicardial spiral-
ing fibres that generate LV twist and shortening of the LV long-axis.7 In previous 
work it has been shown that LV twist is of fundamental importance to systolic LV 
function.1, 17-19 In the current study, LV-EF was also positively correlated to Twistmax. 
The important role of apical Rotmax was underscored by the fact that LV-EF cor-
related with apical but not with basal Rotmax. LV twist may also be an important 
manner to equalize transmural differences in sarcomere shortening, end-systolic fibre 
stress, and contractile work during the ejection phase.17

Myofibre morphology has either been described based on orientation of indi-
vidual fibres or as multiple myocyte “sheet” arrangements separated by extensive 
“sheetcleavage” planes.20, 21 The myofibre helix angle, representing the angle between 
the myofibres, as projected onto the circumferential-longitudinal plane, and the 

Table 2. Univariate and multivariate regression analysis of variables related to left ventricular rotation and twist

Basal Rotmax Apical Rotmax Twistmax

Univariate Univariate Multivariate Univariate Multivariate

R2 P value R2 P value Beta P value R2 P value Beta P value

Age 0.03 0.322 0.14 0.011 0.399 0.059 0.19 0.008 0.431 0.071

LV sphericity index 0.01 0.496 0.56 0.000 0.534 0.001 0.56 0.000 0.616 0.000

LV ejection fraction 0.01 0.742 0.40 0.000 0.217 0.102 0.39 0.000 0.172 0.165

LV mass 0.01 0.613 0.03 0.416 - - 0.04 0.253 - -

Cavity wall ratio 0.02 0.364 0.29 0.000 -0.048 0.717 0.31 0.000 -0.033 0.798

Multivariate analysis performed for variables with a significant univariate correlation with Rotmax or Twistmax. 
Rotmax = left ventricular peak systolic rotation during ejection, Twistmax = instantaneous left ventricular peak 
systolic twist, LV = left ventricular.
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circumferential axis, was introduced for quantification of fibre orientation by Streeter 
et al.22 This angle changes continuously from the subendocardium to the subepi-
cardium, typically ranging from +60 degrees at the subendocardium to -60 degrees 
at the subepicardium.6, 7 In a theoretical model, Taber et al.8 showed that Twistmax 
approximately doubles with a change in the myofibre helix angle from 90 degrees to 
60 degrees.

Alterations in LV geometry, as seen in DCM, may have several functional effects. 
As a consequence of dilation and systolic dysfunction, the LV takes on a more spheri-
cal geometry. In prior studies it has been shown that increasing spherical geometry 
with apical and lateral displacement of the papillary muscles results in functional 
mitral regurgitation.23, 24 In recent studies it has been shown that preventing LV 
remodeling favorably impacts the untoward natural history of heart failure.25 To the 
best of our knowledge, the current study is the first to investigate the influence of 
LV shape – and presumably fibre-orientation – on LV twist in the human heart. 
The LV sphericity index, as a parameter of LV geometry, varied from 1.2 to 1.8 in 
DCM patients and showed a positive linear relation with apical Rotmax and Twistmax. 
Even when DCM patients with similar LV-EF were studied, the LV sphericity 
index remained positively correlated to both LV rotation parameters. In fact, the 
LV sphericity index was the strongest independent predictor of both apical Rotmax 
and Twistmax. Interestingly, in normal hearts the LV sphericity index had a parabolic 
relation with apical Rotmax and Twistmax. A LV sphericity index of about 2.1 was 
associated with the highest Twistmax, lower and higher sphericity indices were associ-
ated with less Twistmax. Therefore, the findings of the current study seem to support 
the hypothesis that alterations in fibre-orientation influence Twistmax.

In healthy volunteers, increased wall thickness, relative to the short-axis dimen-
sion of the LV cavity, was also associated with increased apical Rotmax and Twistmax. 
During the ejection phase, both the endocardial and epicardial spiraling fibres are 
electrically activated. However, the epicardial fibres govern the direction of LV twist, 
mainly owing to their longer arm of movement. It can therefore be anticipated that 
the epicardial fibres may become even more dominant when the LV walls are thicker, 
in particular relative to LV cavity dimension, because in such walls the differences in 
the arms of movement will be greater. 

limitations

In previous STE studies, Twistmax in control subjects varied widely, from 9 degrees 
in a study by Takeuchi et al.26 to 20 degrees in a study by Tanaka et al.27 In our study 
a wide range of Twistmax in healthy volunteers was present as well. Apart from our 
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new observation on the influence of LV configuration, (measured) apical Rotmax is 
significantly influenced by age28-30 and correct visualization of the true LV apex.14 
Therefore, all our studied patient groups (DCM vs. controls and the three DCM 
LV-EF groups) were matched for age, and a multivariate analysis was performed. 
Also, it seems reasonable to assume that the acquisition of the true LV apex will be 
equally successful in the different studied groups. The transducer position was opti-
mized in order to acquire the true LV apex, even in the very elongated ventricles.14 
In the near future, three-dimensional STE might provide a definite solution for this 
important latter limitation of two-dimensional STE.

conclusion

LV apical rotation and twist are significantly influenced by LV configuration. Taken 
the important role of LV twist into account, this finding highlights the vital influence 
of cardiac shape on LV systolic function.
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abstract

Background. The increasing number and proportion of aged individuals in the 
population warrants knowledge of normal physiologic changes of left ventricular 
(LV) biomechanics with advancing age. LV twist describes the instantaneous 
circumferential motion of the apex with respect to the base of the heart and has 
an important role in LV ejection and filling. This study sought to investigate the 
biomechanics behind age-related changes in LV twist by determining a broad 
spectrum of LV rotation parameters in different age groups, using speckle track-
ing echocardiography (STE). 

Methods. The final study population consisted of 61 healthy volunteers (16 to 
35 years, n = 25; 36 to 55 years, n = 23; 56 to 75 years, n = 13; 31 men). LV peak 
systolic rotation during the isovolumic contraction phase (Rotearly), LV peak 
systolic rotation during ejection (Rotmax), instantaneous LV peak systolic twist 
(Twistmax), the time to Rotearly, Rotmax, and Twistmax, and rotational deformation 
delay (defined as the difference of time to basal Rotmax and apical Rotmax) were 
determined by STE using QLAB Advanced Quantification Software (version 
6.0, Philips, Best, The Netherlands). 

Results. With increasing age, apical Rotmax (P <0.05), time to apical Rotmax (P 
<0.01), and Twistmax (P <0.01) increased, whereas basal Rotearly (P <0.001), time 
to basal Rotearly (P <0.01), and rotational deformation delay (P <0.05) decreased. 
Rotational deformation delay was significantly correlated to Twistmax (R2 = 0.20, 
P <0.05).

Conclusion. Twistmax increased with ageing, resulting from both increased apical 
Rotmax and decreased rotational deformation delay between the apex and the 
base of the LV. This may explain the preservation of LV ejection fraction in the 
elderly. 
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introduction

Ageing affects all components of the heart (muscular, valvular and vascular).1 As the 
number and proportion of aged individuals in the population increases, quantitative 
information on age-associated changes in cardiovascular function in the absence of 
disease becomes more important in order to define the specific characteristics of 
the cardiovascular ageing process, and eventually to target relevant age-associated 
changes for therapeutic intervention. 

Left ventricular (LV) twist describes the instantaneous circumferential motion of 
the apex with respect to the base of the heart and has an important role in LV func-
tion.2, 3 Recently, speckle-tracking echocardiography (STE) has been introduced as a 
new method for angle-independent quantification of LV twist.4, 5 Speckles are natural 
acoustic markers that occur as small and bright elements in conventional grayscale 
ultrasound images. The speckles are the result of constructive and destructive inter-
ference of ultrasound, back-scattered from structures smaller than a wavelength of 
ultrasound.6 This gives each small area a rather unique speckle pattern that remains 
relatively constant from one frame to the next. Therefore, a suitable pattern-matching 
algorithm can identify the frame-to-frame displacement of a speckle pattern, allow-
ing myocardial motion to be followed in two dimensions. Age-related changes in LV 
twist have been reported in previous studies.7, 8

This study sought to investigate the biomechanics behind age-related changes in 
LV twist in more detail by determining a broad spectrum of LV rotation parameters 
and the timing of these parameters in different age groups, using STE.

methods

study PArticiPAnts

Subjects were primarily recruited from our department (personnel) or were family 
members or friends. The study population consisted of 98 healthy, non-obese (body 
mass index <27 kg/m2) volunteers without hypertension, diabetes, or regular use 
of medication for cardiovascular disease, with a normal 12-lead electrocardiogram, 
normal left atrial and LV dimensions, and LV function by transthoracic echocar-
diography. None of the patients had complaints compatible with cardiac disease. An 
informed consent was obtained from all subjects and the institutional review board 
approved the study.
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echocArdiogrAPhy

Echocardiographic studies were performed with a commercially available system 
(iE33, Philips, Best, The Netherlands), equipped with a broadband S5-1 transducer 
(frequency transmitted 1.7MHz, received 3.4MHz), by a single, experienced sono-
grapher (WBV). All echocardiographic measurements were averaged from three 
heartbeats. From the second harmonic M-mode recordings the following data were 
acquired: left atrial size, LV end-diastolic septal and posterior wall thickness, and LV 
end-diastolic and end-systolic dimension. LV ejection fraction was calculated from 
LV volumes by the modified biplane Simpson rule in accordance with the guide-
lines.9 From the LV-inflow pattern (measured at the tips of the mitral valve), peak 
early (E) and late (A) filling velocities, E/A ratio, and E-velocity deceleration time 
were measured. The duration of the isovolumic and ejection phase were determined 
using pulsed wave Doppler velocity data of both the LV inflow and outflow tract. 
Tissue Doppler was applied end-expiratory in the pulsed-wave Doppler mode at the 
level of the inferoseptal side of the mitral annulus from an apical 4-chamber view. To 
acquire the highest wall tissue velocities, the angle between the Doppler beam and 
the longitudinal motion of the investigated structure was minimized. The spectral 
pulsed-wave Doppler velocity range was adjusted to obtain an appropriate scale. The 
velocities of the mitral annular systolic wave (Sm), early diastolic wave (Em), and late 
diastolic wave (Am) were noted.

To optimize speckle tracking, two-dimensional grayscale harmonic images were 
obtained at a frame rate of 60 to 80 frames/s. Parasternal short-axis images at the 
LV basal level (showing the tips of the mitral valve leaflets) with the cross section as 
circular as possible were obtained from the standard parasternal position, defined as 
the long-axis position in which the LV and aorta were most in-line with the mitral 
valve tips in the middle of the sector. To obtain a short-axis image at the LV apical 
level (just proximal to the level with end-systolic LV luminal obliteration) the trans-
ducer was positioned 1 or 2 intercostal spaces more caudal as previously described by 
us.10 From each short-axis level, three consecutive end-expiratory cardiac cycles were 
acquired and transferred to a QLAB workstation (Philips, Best, The Netherlands) 
for off-line analysis.

sPeckle trAcking AnAlysis

Analysis of the datasets was performed using QLAB Advanced Quantification 
Software version 6.0 (Philips, Best, The Netherlands), which was recently validated 
against magnetic resonance imaging (MRI) for assessment of LV twist.11 To assess 
LV rotation, six tracking points were placed manually (after gain correction) on an 
end-diastolic frame on the mid-myocardium in each parasternal short-axis image. 
Tracking points were separated about 60° from each other and placed on 1 (30°, 
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anteroseptal insertion into the LV of the right ventricle), 3 (90°), 5 (150°), 7 (210°), 9 
(270°, inferoseptal insertion into the LV of the right ventricle), and 11 (330°) o’clock 
to fit the total LV circumference (Figure 1).

If a tracking point showed poor speckle tracking by visual assessment, the posi-
tion of the tracking point was manually changed on the end-diastolic frame in a 
circumferential direction towards one of the other tracking points, but not more than 
one hour. When speckle tracking was still insufficient, the position of the tracking 
point could be changed additionally in the direction of the endocardium. Because all 
tracking points are needed for optimal measurement of global LV rotation, a subject 
was considered insufficient for analysis of global LV rotation by STE and excluded 
from further analysis when despite these changes one or more tracking points still 
did not track well.

Data were exported to a spreadsheet program (Excel, Microsoft Corporation, Red-
mond, WA) to determine LV peak systolic rotation during the isovolumic contraction 
phase (Rotearly), LV peak systolic rotation during ejection (Rotmax), time to Rotearly 
(from R wave to Rotearly), and time to Rotmax (from R wave to Rotmax). Instantaneous 
LV peak systolic twist (Twistmax, defined as the maximal value of apical LV systolic 
rotation - basal LV systolic rotation at isochronal time points), instantaneous LV 
peak systolic torsion (Torsionmax) (Figure 2), and time to Twistmax were assessed as 
well. Torsionmax was defined as Twistmax divided by the LV diastolic longitudinal 
length between the LV apex and the mitral plane. Rotational deformation delay was 
defined as the difference of time to basal Rotmax and time to apical Rotmax. A positive 
rotational deformation delay value indicates a shorter time to apical Rotmax than Chapter 6

Figure 1

Chapter 6

Figure 1
Figure 1. Left. Positioning of the tracking points at the left ventricular basal (top) and apical level (bottom). 
Right. Left ventricular rotation-time curves. The light grey line represents left ventricular rotation, the dark 
grey line the area within the circle of tracking points, and the white line recruitment, which was not activated 
in this example. The electrocardiogram is displayed at the bottom of each graph.
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time to basal Rotmax. To adjust for intra- and intersubject differences in heart rate, 
the time sequence was normalized to the percentage of systolic duration. End-systole 
was defined as the point of aortic valve closure. In each study it was verified that heart 
rate for the cardiac cycle in which the timing of aortic valve closure was assessed, was 
the same as the cardiac cycle used for analysis of LV rotation parameters. 

stAtisticAl AnAlysis

Measurements are presented as mean ± SD. Continuous variables were compared 
using Student’s t test or ANOVA when appropriate. Simple linear regression of LV 
rotation parameters against age was performed. Relationships between different 
parameters were assessed by correlation analysis. A P value < .05 was considered 
statistically significant. Intraobserver and interobserver variability for Twistmax in our 
center are 6% ± 6% and 9% ± 5%, respectively.12

results

feAsibility of obtAining lv rotAtion PArAmeters

In 28 subjects (29%) image quality of the LV basal level was insufficient for STE 
analysis. The LV apical level was excluded from analysis in 34 subjects (35%) because 
of either the inability to obtain a short-axis image at the LV apical level from an 
intercostal space more caudal than the standard position (7%) or because of insuffi-
cient image quality (27%). In the remaining 61 subjects (62%) that made up the final 
study group, both the LV basal and apical levels were available, facilitating complete 
analysis of all LV rotation parameters. These subjects were classified into 3 groups, 
aged 16 to 35 (group 1, n = 25), 36 to 55 (group 2, n = 23), and 56 to 75 (group 3, n 

distance (cm)

LV Twist (°)
(instantaneous difference between 

basal and apical rotation)

LV Torsion (°/cm)
(LV twist normalized 

for distance)

Basal clockwise rotation (°)

Apical counterclockwise rotation (°) 

Figure 2Figure 2. Calculation of left ventricular (LV) twist and torsion. 
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Table 1. Clinical and echocardiographic characteristics of the final study population 

All Group 1 (n = 25)
16-35 year

Group 2 (n = 23)
36-55 year

Group 3 (n = 13)
56-75 year

F
(ANOVA)

Clinical characteristics

Age, year 40 ± 15 24 ± 5 45 ± 5 63 ± 7

Male, n (%) 31 (51) 14 (55) 11 (46) 6 (49)

BMI, kg/m2 22 ± 3 22 ± 2 22 ± 3 25 ± 3 3.81

Heart rate, bpm 63 ± 12 65 ± 9 63 ± 16 61 ± 11 0.28

Systolic blood pressure, 
mmHg

127 ± 16 123 ± 19 126 ± 15 131 ± 18 2.68

Diastolic blood pressure, 
mmHg

67 ± 11 63 ± 10 68 ± 13 70 ± 12 2.56

Echocardiographic 
characteristics

LA size, cm 3.6 ± 0.5 3.3 ± 0.4 3.7 ± 0.5 4.0 ± 0.4 12.81†

IVSd, cm 1.0 ± 0.2 0.9 ± 0.2 1.0 ± 0.2 1.1 ± 0.2 2.58

LVPWd, cm 1.0 ± 0.2 1.0 ± 0.2 1.0 ± 0.2 1.1 ± 0.2 2.63

LV-EDD, cm 4.9 ± 0.5 4.8 ± 0.4 5.0 ± 0.4 5.0 ± 0.7 1.48

LV-ESD, cm 3.3 ± 0.5 3.1 ± 0.5 3.3 ± 0.5 3.3 ± 0.5 1.12

LV-EDV, ml 115 ± 23 118 ± 20 115 ± 23 105 ± 27 1.24

LV-ESV, ml 45 ± 14 45 ± 13 45 ± 14 41 ± 17 0.18

LV-EF, % 62 ± 7 62 ± 6 61 ± 8 63 ± 7 0.41

Doppler indices

 E, cm/s 74 ± 14 80 ± 12 71 ± 12 60 ± 11 10.35†

 A, cm/s 52 ± 16 44 ± 14 53 ± 15 72 ± 17 12.87†

 E/A ratio 1.41 ± 0.56 1.80 ± 0.55 1.34 ± 0.27 0.86 ± 0.19 24.08†

 DET, ms 174 ± 31 169 ± 35 176 ± 31 186 ± 25 1.42

 Em septal, cm/s 9.8 ± 2.4 11.4 ± 2.2 9.7 ± 1.7 6.8 ± 1.7 19.09†

 Am septal, cm/s 8.9 ± 2.2 7.3 ± 1.5 9.6 ± 2.5 10.8 ± 0.9 16.12†

 Em/Am ratio 1.23 ± 0.59 1.62 ± 0.57 1.06 ± 0.40 0.68 ± 0.29 18.77†

 Sm septal, cm/s 8.1 ± 1.4 8.1 ± 1.3 8.3 ± 2.0 7.6 ± 1.0 0.70

Values are means ± SD. BMI = body mass index, LA = left atrial, IVSd = interventricular septum thickness 
(diastole), LVPWd = left ventricular posterior wall thickness (diastole), LV-EDD = left ventricular end-
diastolic dimension, LV-ESD = left ventricular end-systolic dimension, LV-EDV = left ventricular end-
diastolic volume, LV-ESV = left ventricular end-systolic volume, LV-EF = left ventricular ejection fraction, E 
= peak early phase filling velocity, A = peak atrial phase filling velocity, DET = deceleration time, Em = peak 
early diastolic wave velocity, Am = peak atrial systolic wave velocity, Sm = peak systolic wave velocity.  † P< 
0.001 between age-groups (analysis of variance)
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= 13) years. The proportion of subjects that was excluded was comparable between 
the different age groups (group 1 36%, group 2 39%, group 3 40%, P = NS). The need 
to adjust the intended position of a tracking point in a circumferential direction (7% 
vs. 7% vs. 8% of the tracking points in group 1 vs. 2 vs. 3, respectively) or towards 
the endocardium (2% vs. 3% vs. 2% of the tracking points in group 1 vs. 2 vs. 3, 
respectively) was comparable between the different age groups as well. 

generAl chArActeristics of the finAl study PoPulAtion

The clinical and echocardiographic characteristics of the different age groups are 
shown in Table 1. Apart from left atrial size (P <0.001), there were no significant 
differences in clinical characteristics or cardiac dimensions between the groups. 
Doppler measurements revealed that the E/A and Em/Am ratio decreased with 
advancing age (both P <0.001).

relAtion of lv rotAtion PArAmeters to Ageing

Several differences in LV rotation parameters were identified between the different 
age groups (Table 2, Figure 3). With increasing age, apical Rotmax (P <0.05), time 
to apical Rotmax (P <0.01), Twistmax (P <0.01), and Torsionmax (P <0.01) increased, 
whereas basal Rotearly (P <0.001), time to basal Rotearly (P <0.01), and rotational 
deformation delay (P <0.05) decreased. Nevertheless, rotational deformation delay 
remained positive in all age groups, indicating a shorter time to apical Rotmax than to 
basal Rotmax (Figure 4). 
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Figure 3. Left ventricular systolic rotation-time curves of the different age groups, (based on averaged 
values of peak rotation during the isovolumic contraction and the ejection phase, and the timing of these 
parameters) highlighting the significant difference between the age groups in the degree and timing of the 
early peak of basal systolic rotation during the isovolumic contraction phase, and apical peak systolic rotation 
during ejection. The dotted vertical line marks the end of the isovolumic contraction phase (determined by 
the mean of all subjects, because duration of isovolumic contraction was not significantly different between 
the three age groups). LV = left ventricular, AVO = aortic valve opening
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Linear regression analysis showed comparable changes of LV rotation parameters 
with advancing age (Figure 5). Age was significantly correlated to basal Rotearly, api-
cal Rotmax, Twistmax, Torsionmax, time to basal Rotearly, time to apical Rotmax, and 
rotational deformation delay. Although there was no significant difference in time to 
Twistmax between the different age groups, there was a significant increase in time to 
Twistmax during ageing shown by linear regression.  
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Figure 4. Left ventricular rotation-time curves of different age groups at end systole (based on averaged 
values of peak rotation during the ejection phase, and the timing of this parameter), highlighting the 
significant difference in rotational deformation delay between the age groups. Horizontal arrows denote 
rotational deformation delay; vertical arrows denote left ventricular peak systolic rotation during ejection. LV 
= left ventricular

Table 2. LV rotation parameters stratified per age group

All Group 1 (n = 25)
16-35 year

Group 2 (n = 23)
36-55 year

Group 3 (n = 13)
56-75 year

F
(ANOVA)

Basal Rotmax, degree -3.6 ± 1.8 -3.2 ± 1.6 -4.0 ± 1.6 -4.3 ± 1.5 2.08

Basal Rotearly, degree 2.0 ± 1.3 2.6 ± 1.0 1.4 ± 0.9 1.0 ± 0.5 12.20†

Apical Rotmax, degree 7.2 ± 2.9 6.4 ± 1.9 7.4 ± 2.9 8.2 ± 2.5 3.48*

Apical Rotearly, degree -0.8 ± 0.6 -0.8 ± 0.6 -0.7 ± 0.6 -0.7 ± 0.5 0.44

Twistmax, degree 10.1 ± 2.3 8.7 ± 2.1 11.1 ± 2.9 11.9 ± 3.7 6.06**

Torsionmax, degree/cm 1.11 ± 0.36 0.98 ± 0.29 1.26 ± 0.37 1.30 ± 0.58 5.91**

Time to basal Rotmax, % 92 ± 11 93 ± 10 92 ± 9 94 ± 13 0.88

Time to basal Rotearly, % 32 ± 9 35 ± 7 30 ± 8 22 ± 11 8.21**

Time to apical Rotmax, % 88 ± 8 83 ± 13 89 ± 8 98 ± 7 6.45**

Time to apical Rotearly, % 13 ± 6 14 ± 5 13 ± 5 13 ± 4 0.07

Time to Twistmax, % 95 ± 7 94 ± 9 95 ± 7 98 ± 5 0.84

Rotational deformation 
delay, ms

37 ± 66 64 ± 77 23 ± 46 0 ± 51 4.01*

Values are means ± SD. Rotmax = left ventricular peak systolic rotation during ejection, Rotearly = left 
ventricular peak systolic rotation during the isovolumic contraction phase, Twistmax = instantaneous left 
ventricular peak systolic twist, Torsionmax = instantaneous left ventricular peak systolic torsion. *P<0.05, 
**P<0.01, †P<0.001 between age-groups (analysis of variance)
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mutuAl relAtion between lv rotAtion PArAmeters

After adjustment for age, no significant correlation could be identified between basal 
Rotearly, basal Rotmax, apical Rotearly, apical Rotmax, and the timing of these para-
meters. Nevertheless, rotational deformation delay retained significantly correlated 
to Twistmax (R2 = 0.20, P <0.05) and Torsionmax (R2 = 0.23, P <0.05).
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discussion

The main findings of this study are increased instantaneous LV twist and torsion with 
ageing, resulting from both increased counterclockwise apical Rotmax and decreased 
rotational deformation delay between the apex and the base of the LV. 

lv rotAtion PArAmeters during isovolumic contrAction 

LV rotation and twist originate from the dynamic interaction between oppositely 
wound epicardial and endocardial myocardial fibre helices.13 During isovolumic 
contraction the LV base shows, as viewed from the apex, a counterclockwise rotation, 
whereas the LV apex shows a less pronounced clockwise rotation. This phenomenon 
has been described previously in experimental studies14, 15 and is explained by the 
predominant mechanical activity that develops along the right-handed subendocar-
dial helix of myocardial fibres during isovolumic contraction. The shortening of this 
right-handed helix is accompanied with stretching of the outer subepicardial fibres 
(left-handed helix).16, 17 This biphasic deformation satisfies isovolumic mechanics: 
shortening in one direction is accompanied with stretching in the other direction 
(Figure 6). Furthermore, stretching of myofibres during isovolumic contraction is 
important in initiating a “stretch activation response”, an intrinsic length-sensing 
mechanism that allows muscle to adjust the force and duration of subsequent short-
ening.18 In previous tagged MRI studies the counterclockwise basal Rotearly was 
recognized, but the clockwise apical Rotearly was not observed.19 The low temporal 
resolution of tagged MRI might be the reason why the less pronounced and earlier 
occurring clockwise apical Rotearly was not recognized. Our study is the first to 
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Figure 5. Linear regressions between age and left ventricular rotation parameters. Lines denote regressions 
and 95% prediction interval for individual observations; squares denote the early peak of left ventricular 
systolic rotation during the isovolumic contraction phase and triangles denote left ventricular peak systolic 
rotation during ejection. LV = left ventricular
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investigate the temporal dispersion of basal and apical Rotearly. Time to basal Rotearly 
takes more than twice as long as time to apical Rotearly (32 ± 9 ms vs. 13 ± 6 ms). 
This may be explained by the start of electrical activation subendocardially in the 
right-handed helix near the apical septum with subsequent spread of the electrical 
activity towards the base.20

lv rotAtion PArAmeters during ejection 

Consistent with previous studies,4, 5, 21 basal Rotmax was clockwise whereas apical 
Rotmax was counterclockwise. During ejection, the left-handed epicardial helix 
of myocardial fibres pulls the base clockwise and the apex counterclockwise. The 
right-handed helix in the endocardium tries to do the opposite, but because the 
epicardium is farther from the centerline, the epicardial helix torque is greater and 
thus dominates the rotation.22

Rotational deformation delay had a positive value, indicating a shorter time to 
apical Rotmax than to basal Rotmax. An explanation for this finding is provided in 
recent investigations. Ramanathan et al.23 showed that the earliest electrical epi-
cardial breakthrough occurs in the right ventricular free wall and the anterior LV 
wall, and then travels in an apex-to-base direction. The basal posterior wall was the 

LV peak systolic rotation 
during the isovolumic 
contraction phase
• predominant mechanical activity 
along the subendocardial fibres 

• stretching of the outer 
subepicardial fibres 

LV peak systolic rotation 
during the ejection phase
• mechanical activity along both 
the subendocardial and 
subepicardial fibres

• thickening of the myocardium

subendocardial fibres 

subepicardial fibres 

Figure 6Figure 6. During the isovolumic contraction phase, the shortening of the inner right-handed helix is 
accompanied with stretching of the outer subepicardial fibres (left-handed helix). This biphasic deformation 
satisfies isovolumic mechanics: shortening in one direction is accompanied with stretching in the other 
direction.
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last region to be activated. Sengupta et al.14 showed that the apex-to-base delay in 
mechanical shortening of the LV parallels the apex-to-base direction of the electric 
activation sequence. To our knowledge, our study is the first to recognize the apex-
to-base temporal dispersion in LV rotation.

influence of AdvAncing Age on lv rotAtion PArAmeters

The increasing number and proportion of aged individuals in the population war-
rants knowledge of normal physiologic changes of LV biomechanics with advancing 
age. Counterclockwise basal Rotearly decreased and counterclockwise apical Rotmax 
increased with advancing age. Interestingly, basal Rotearly is caused by, whereas apical 
Rotmax is inhibited by the right-handed subendocardial helix of myocardial fibres. 
The function of subendocardial fibres declines with age, even in normal hearts,24, 25 
providing a rational explanation for these findings. On the other hand, it remains 
unsolved why apical Rotearly and basal Rotmax, thought to be influenced in the same 
manner by the right-handed subendocardial helix of myocardial fibres, are less 
affected by age. In accordance to our study, in a study by Notomi et al.26 basal Rotmax 
was also less influenced by age.

Global LV systolic function is known to be preserved in older individuals.27, 28 Our 
findings of increased Twistmax and Torsionmax with advancing age, are in agreement 
with previous studies,7, 8, 29 and elucidate a possible contribution of Twistmax and 
Torsionmax to preserve ejection fraction in the elderly. Of note, it is the helical fibre 
architecture of the heart that doubles the LV ejection fraction.30 Thus, optimization 
of LV twist is an effective method to preserve LV systolic function. Increased Twistmax 
and Torsionmax with advancing age has been explained by an increase in apical Rotmax, 
but the decrease in rotational deformation delay with advancing age may also play 
an important role. Time to basal Rotmax remains relatively unchanged with ageing, 
whereas apical Rotmax occurs later in systole with advancing age, approaching the time 
to basal Rotmax and thereby decreasing rotational deformation delay. The decrease in 
rotational deformation delay will increase Twistmax and Torsionmax, because both are 
determined by instantaneous basal and apical Rotmax. The finding of a significant, 
after adjustment for age, negative correlation between rotational deformation delay 
and Twistmax and Torsionmax further supports this. Although the increase in time to 
apical Rotmax might be caused by an increase in elastic and collagenous tissue in the 
conduction system with advancing age,1 this would implicate an increase in time to 
basal Rotmax as well, leaving rotational deformation delay unchanged. The increase 
in time to apical Rotmax with advancing age may also be explained by prolonged 
contraction duration, which was previously found in aged myocardium of animals.31, 

32 This prolonged contraction duration results from a prolonged active state rather 
than changes in passive properties or myocardial catecholamine content.32 Whether 
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this is the true explanation of the increase in time to apical Rotmax with advancing 
age, and why time to basal Rotmax would not be influenced by this phenomenon, 
needs to be clarified in further studies. Nevertheless, both increased apical Rotmax 
and decreased rotational deformation delay seem to be characteristics of “physiologic 
cardiac ageing” and may contribute to the preservation of LV systolic function in the 
elderly. 

limitations

The echocardiographic window is the Achilles’ heel of echocardiography. Therefore, a 
relatively large amount of the subjects had to be excluded from analysis because image 
quality in one or more segments was insufficient for STE analysis. In our experience, 
for reliable speckle tracking using QLAB Advanced Quantification Software, at least 
moderate image quality is mandatory. The current paper provides further insight into 
the process of cardiac ageing. However, whether changes in the extent and timing of 
LV rotation with age are of clinical importance remains unsolved. Therefore, clinical 
studies are needed to test the utility and importance of the assessment of LV rotation 
parameters by STE in daily clinical practice. In a small subset of subjects it was 
necessary to adjust the intended position of a tracking point in a direction towards 
the endocardium. It is possible that the extent of the measured LV rotation in these 
subjects was slightly overestimated, because it is known that LV rotation increases 
from the epicardium to the endocardium.33 However, the number of tracking points 
in which changing the position towards the endocardium was needed, was small and 
equally distributed among the different age groups. Consequently, we believe that a 
significant influence on the results is unlikely.  

conclusion

Twistmax increased with ageing, resulting from both increased apical Rotmax and 
decreased rotational deformation delay between the apex and the base of the LV. 
This may explain the preservation of LV ejection fraction in the elderly. 
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abstract

Background. In order to gain further insight into age-associated changes of 
left ventricular (LV) diastolic function, the purpose of the current study was to 
investigate alterations in LV untwisting with ageing.

Methods. The study comprised 65 healthy volunteers, classified into 3 groups: 
aged 16 to 35 (n = 25), 36 to 55 (n = 25), and 56 to 75 (n = 15) years. LV untwist-
ing (as a percentage of peak systolic twist) at 5%, 10%, 15%, and 50% of diastole, 
peak diastolic untwisting velocity, time-to-peak diastolic untwisting velocity, and 
untwisting rate (defined as: [twist at mitral valve opening - peak systolic twist] 
/ time interval from peak systolic twist to mitral valve opening) were assessed 
using speckle tracking echocardiography. 

Results. Untwisting at 5%, 10%, 15%, and 50% of diastole decreased with age-
ing. Although peak diastolic untwisting velocity and untwisting rate were not 
significantly different between the age groups, when normalized for LV peak 
systolic twist these parameters decreased with advancing age (-11 ± 3 sec-1 vs. -9 
± 3 sec-1 vs. -7 ± 3 sec-1, P <0.01, and -5.4 ± 1.8 sec-1 vs. -4.0 ± 1.6 sec-1 vs. -3.5 
± 1.3 sec-1, P <0.001, respectively). Time-to-peak diastolic untwisting velocity 
increased with ageing (12 ± 9% vs. 15 ± 8% vs. 18 ± 9%, P <0.05). 

Conclusion. The impairment of the relative peak diastolic untwisting velocity 
and untwisting rate, resulting in delayed LV untwisting, may help to explain 
diastolic dysfunction in the elderly. 
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introduction

Understanding age-associated changes of the cardiovascular system is important since 
these changes provide an important precursor to cardiovascular disease.1, 2 Marked 
changes in left ventricular (LV) diastolic function are known to occur in normal 
healthy older people.3 However, the processes contributing to these changes have yet 
to be fully elucidated. The dynamic interaction of subendocardial and subepicardial 
fibres causes a twisting LV deformation during systole that leads to storage of poten-
tial energy.4 Subsequent rapid untwisting during isovolumic relaxation decreases LV 
pressure, which makes effective sucking of blood into the LV possible once the mitral 
valve opens.5 However, conflicting data have been published about changes in the 
untwist rate, and in particular peak diastolic untwisting velocity, with ageing.6-9 In 
order to gain further insight into age-associated changes of LV diastolic function, 
the purpose of the current study was to investigate alterations in LV untwisting with 
ageing.  

methods

study PArticiPAnts

The study population consisted of 65 healthy, nonobese (body mass index <27 kg/
m2) volunteers without hypertension, diabetes, or regular use of medication for car-
diovascular disease, with a normal 12-lead electrocardiogram, normal left atrial and 
LV dimensions, and LV function by transthoracic echocardiography. None of the 
subjects had complaints compatible with cardiac disease. All subjects were required 
to have good echocardiographic image quality that allowed for complete analysis of 
LV rotation and twist by speckle tracking echocardiography. Subjects were primarily 
recruited from our department (personnel) or were family members or friends. The 
subjects were classified into 3 groups, aged 16 to 35 (group 1, n = 25), 36 to 55 (group 
2, n = 25), and 56 to 75 (group 3, n = 15) years. 

echocArdiogrAPhy

Two-dimensional grayscale harmonic images were obtained in the left lateral decu-
bitus position using a commercially available ultrasound system (iE33, Philips, Best, 
The Netherlands), equipped with a broadband (1-5MHz) S5-1 transducer (frequency 
transmitted 1.7MHz, received 3.4MHz). All echocardiographic measurements were 
averaged from three heartbeats. From the M-mode recordings the following data 
were acquired: left atrial size, LV end-diastolic septal and posterior wall thickness, 
and LV end-diastolic and end-systolic dimension. LV ejection fraction was calculated 
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from LV volumes by the modified biplane Simpson rule. LV mass was assessed with 
the two-dimensional area-length method.10 From the mitral-inflow pattern, peak 
early (E-wave velocity) and late (A-wave velocity) filling velocities, E/A ratio, and 
E-wave velocity deceleration time were measured. Tissue Doppler was applied end-
expiratory in the pulsed-wave Doppler mode at the level of the inferoseptal side 
of the mitral annulus from an apical 4-chamber view. To acquire the highest wall 
tissue velocities, the angle between the Doppler beam and the longitudinal motion of 
the investigated structure was adjusted to a minimal level. The spectral pulsed-wave 
Doppler velocity range was adjusted to obtain an appropriate scale. The timing of 
the beginning and ending of the isovolumic relaxation time were determined using 
pulsed wave Doppler. To optimize speckle tracking echocardiography, images were 
obtained at a frame rate of 60 to 80 frames/s. Parasternal short-axis images at the LV 
basal level (showing the tips of the mitral valve leaflets) with the cross section as cir-
cular as possible were obtained from the standard parasternal position, defined as the 
long-axis position in which the LV and aorta were most in-line with the mitral valve 
tips in the middle of the sector. To obtain a short-axis image at the LV apical level 
(just proximal to the level with end-systolic LV luminal obliteration) the transducer 
was positioned 1 or 2 intercostal spaces more caudal as previously described by us.11 
From each short-axis image, three consecutive end-expiratory cardiac cycles were 
acquired and transferred to a QLAB workstation (Philips, Best, The Netherlands) 
for off-line analysis.

sPeckle trAcking AnAlysis

Analysis of the datasets was performed using speckle tracking echocardiography by 
QLAB Advanced Quantification Software version 6.0 (Philips, Best, The Nether-
lands), which was recently validated against magnetic resonance imaging for assess-
ment of LV twist.12 Speckles are natural acoustic markers that occur as small and 
bright elements in conventional gray-scale ultrasound images. The speckles are the 
result of constructive and destructive interference of ultrasound, back-scattered from 
structures smaller than a wavelength of ultrasound.13 This gives each small area a 
rather unique speckle pattern that remains relatively constant from one frame to the 
next. Therefore, a suitable pattern-matching algorithm can identify the frame-to-
frame displacement of a speckle pattern, allowing myocardial motion to be followed 
in two dimensions. To assess LV rotation, six tracking points were placed manually 
(after gain correction) on the mid-myocardium on an end-diastolic frame in each 
parasternal short-axis image. Tracking points were separated about 60° from each 
other and placed on 1 (30°, anteroseptal insertion into the LV of the right ventricle), 
3 (90°), 5 (150°), 7 (210°), 9 (270°, inferoseptal insertion into the LV of the right 
ventricle), and 11 (330°) o’clock to fit the total LV circumference. After positioning 
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the tracking points, the program tracked these points on a frame-by-frame basis by 
use of a least squares global affine transformation. The rotational component of this 
affine transformation was then used to generate rotational profiles.

Data were exported to a spreadsheet program (Excel, Microsoft Corporation, 
Redmond, WA) to determine LV peak systolic rotation during ejection, instanta-
neous LV peak systolic twist (defined as the maximal value of instantaneous apical 
systolic rotation - basal systolic rotation), and LV untwisting at 5%, 10%, 15%, and 
50% of diastole. The degree of untwisting was expressed as a percentage of maximum 
systolic twist: untwisting = (peak systolic twist - twist at time t) / peak systolic twist x 
100%. Furthermore, peak diastolic de-rotation velocity and peak diastolic untwisting 
velocity, and the timing of these parameters were assessed. Normalized velocities 
were determined by correcting for peak systolic rotation or twist. Untwisting rate was 
defined as the mean diastolic untwisting velocity from peak systolic twist to mitral 
valve opening and calculated as: (twist at mitral valve opening - peak systolic twist) 
/ time interval from peak systolic twist to mitral valve opening. To adjust for intra- 
and intersubject differences in heart rate, the time sequence of systolic and diastolic 
events was normalized to a percentage of systolic and diastolic duration, respectively. 
End-systole was defined as the point of aortic valve closure. In each study it was 
verified that the heart rate for the cardiac cycle in which the timing of aortic valve 
closure was assessed, was the same as the cardiac cycle used for analysis of untwisting. 

stAtisticAl AnAlysis

Measurements are presented as mean ± SD. Variables were compared using Student’s 
t test, ANOVA, or Chi-square test when appropriate. Linear regression analysis of 
LV untwisting parameters against age was performed. A P value < .05 was considered 
statistically significant. Intraobserver and interobserver variability for assessment of 
LV twist by speckle tracking echocardiography in our center are 6% ± 6% and 9% ± 
5%, respectively.14

results

chArActeristics of the study PoPulAtion

In Table 1, clinical and echocardiographic characteristics of the study population 
are shown. Left atrial size was increased in the higher age groups (3.4 ± 0.4 cm vs. 
3.6 ± 0.5 cm vs. 4.0 ± 0.5 cm, P <0.001). Doppler measurements revealed that the 
E/A ratio decreased (1.9 ± 0.6 vs. 1.4 ± 0.2 vs. 0.9 ± 0.2, P <0.001), whereas E/Em 
ratio (7.1 ± 1.8 vs. 7.5 ± 2.0 vs. 8.9 ± 2.0, P <0.05) and isovolumic relaxation time 
(64 ± 12 ms vs. 70 ± 13 ms vs. 85 ± 9 ms, P <0.001) increased with advancing age. 
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Table 1. Clinical and echocardiographic characteristics of the study population

All Group 1  
(n = 25)

16-35 year

Group 2  
(n = 25)

36-55 year

Group 3  
(n = 15)

56-75 year

F
(ANOVA)

Clinical characteristics

Age, year 40 ± 14 25 ± 5 43 ± 4 62 ± 7

Male, n ( %) 33 (51) 13 (52) 12 (48) 8 (53)

Body mass index, kg/m2 22 ± 3 22 ± 2 22 ± 3 23 ± 4 1.82

Heart rate, beats per minute 64 ± 12 65 ± 10 63 ± 13 64 ± 11 0.16

Systolic blood pressure, 
mmHg

127 ± 16 123 ± 17 127 ± 15 132 ± 18 2.79

Diastolic blood pressure, 
mmHg

67 ± 11 63 ± 10 67 ± 14 71 ± 11 2.46

Echocardiographic 
characteristics

Left atrial size, cm 3.6 ± 0.5 3.4 ± 0.4 3.6 ± 0.5 4.0 ± 0.5 9.28†

LV mass, g 171 ± 50 171 ± 46 166 ± 52 184 ± 56 0.51

LV ejection fraction, % 60 ± 7 61 ± 5 59 ± 9 60 ± 7 0.40

Doppler indices

 E-wave velocity, cm/s 74 ± 15 80 ± 12 72 ± 15 61 ± 11 8.15†

 A-wave velocity, cm/s 53 ± 16 46 ± 14 54 ± 14 68 ± 14 9.40†

 E/A ratio 1.5 ± 0.5 1.9 ± 0.6 1.4 ± 0.2 0.9 ± 0.2 24.56†

  E-wave velocity 
deceleration time, ms

173 ± 35 168 ± 37 175 ± 37 181 ± 28 0.65

 Em septal, cm/s 10.1 ± 2.6 11.5 ± 2.5 10.0 ± 1.9 7.0 ± 1.1 19.28†

 E/Em ratio 7.6 ± 2.0 7.1 ± 1.8 7.5 ± 2.0 8.9 ± 2.0 3.59*

  Isovolumic relaxation 
time, ms

70 ± 14 64 ± 12 70 ± 13 85 ± 9 12.75†

LV systolic rotation 
parameters

  Basal peak rotation, 
degrees

-3.8 ± 2.1 -3.3 ± 2.1 -4.1 ± 1.9 -4.2 ± 1.5 1.54

  Apical peak rotation, 
degrees

7.2 ± 2.8 6.6 ± 1.9 7.5 ± 2.9 8.2 ± 2.2 3.38*

 Peak twist, degrees 10.5 ± 2.7 9.6 ± 2.0 11.0 ± 3.2 11.6 ± 2.7 3.72*

Values are means ± SD. LV = left ventricular, E-wave velocity = peak early phase filling velocity, A-wave 
velocity = peak atrial phase filling velocity, Em = peak early diastolic wave velocity. * P <0.05, † P <0.001 
between age-groups (analysis of variance)
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Furthermore, LV peak systolic twist was increased in the higher age groups (9.6 ± 2.0 
degrees vs. 11.0 ± 3.2 degrees vs. 11.6 ± 2.7 degrees, P <0.05).

relAtion of Ageing to lv untwisting PArAmeters

Comparing the different age groups revealed decreased untwisting at 5% (26 ± 24% 
vs. 17 ± 14% vs. 9 ± 6%, P <0.05), 10% (43 ± 26% vs. 32 ± 21% vs. 23 ± 9%, P <0.05), 
15% (56 ± 23% vs. 43 ± 21% vs. 37 ± 11%, P <0.05), and 50% (83 ± 14% vs. 74 ± 
12% vs. 70 ± 12%, P <0.01) of diastole in the older age groups (Table 2). Although 
peak diastolic untwisting velocity and untwisting rate were not significantly different 
between the age groups, when normalized for LV peak systolic twist these parameters 
decreased with advancing age (-11 ± 3 sec-1 vs. -9 ± 3 sec-1 vs. -7 ± 3 sec-1, P <0.01, 

Table 2. Diastolic left ventricular de-rotation and untwist stratified per age group 

All Group 1  
(n = 25)

16-35 year

Group 2  
(n = 25)

36-55 year

Group 3  
(n = 15)

56-75 year

F
(ANOVA)

Basal de-rotation

Peak diastolic de-rotation velocity, degrees/sec 63 ± 28 67 ± 32 61 ± 29 54 ± 16 0.81

Normalized peak diastolic de-rotation 
velocity, sec-1

-19 ± 11 -22 ± 10 -17 ± 10 -13 ± 4 3.56*

Time-to-peak diastolic de-rotation velocity, % 15 ± 8 13 ± 8 16 ± 7 16 ± 7 0.88

Apical de-rotation

Peak diastolic de-rotation velocity, degrees/sec -70 ± 27 -70 ± 18 -72 ± 31 -66 ± 36 0.16

Normalized peak diastolic de-rotation 
velocity, sec-1

-10 ± 4 -11 ± 4 -10 ± 3 -9 ± 4 1.05

Time-to-peak diastolic de-rotation velocity, % 16 ± 13 14 ± 15 17 ± 12 17 ± 8 0.32

Untwisting

Untwisting at 5% of diastole, % 19 ± 19 26 ± 24 17 ± 14 9 ± 6 4.01*

Untwisting at 10% of diastole, % 35 ± 23 43 ± 26 32 ± 21 23 ± 9 4.12*

Untwisting at 15% of diastole, % 47 ± 22 56 ± 23 43 ± 21 37 ± 11 4.46*

Untwisting at 50% of diastole, % 77 ± 14 83 ± 14 74 ± 12 70 ± 12 5.75$

Peak diastolic untwisting velocity, degrees/sec -105 ± 38 -107 ± 29 -105 ± 47 -99 ± 36 0.34

Normalized peak diastolic untwisting 
velocity, sec-1

-10 ± 3 -11 ± 3 -9 ± 3 -7 ± 3 5.01$

Time-to-peak diastolic untwisting velocity, % 14 ± 9 12 ± 9 15 ± 8 18 ± 9 3.33*

Untwisting rate, degrees/sec -46 ± 21 -49 ± 18 -44 ± 25 -43 ± 21 0.73

Normalized untwisting rate, sec-1 -4.5 ± 1.9 -5.4 ± 1.8 -4.0 ± 1.6 -3.5 ± 1.3 6.12† 

Values are means ± SD. Time-to-peak velocities as a percentage of the duration of diastole. * P <0.05, $ P 
<0.01, † P <0.001 between age-groups (analysis of variance)
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and -5.4 ± 1.8 sec-1 vs. -4.0 ± 1.6 sec-1 vs. -3.5 ± 1.3 sec-1, P <0.001, respectively) 
(Figure 1). Time-to-peak diastolic untwisting velocity increased with ageing (12 ± 
9% vs. 15 ± 8% vs. 18 ± 9%, P <0.05) (Figure 2).  

Linear regression analysis revealed a significant relation between age and untwist-
ing at 5% (R2 = 0.16, P <0.01), 10% (R2 = 0.16, P <0.01), 15% (R2 = 0.14, P <0.01) 
and 50% (R2 = 0.21, P <0.001) of diastole, normalized peak diastolic untwisting 
velocity (R2 = 0.21, P <0.001), normalized untwisting rate (R2 = 0.14, P <0.01), and 
time-to-peak diastolic untwisting velocity (R2 = 0.09, P <0.05).

mutuAl relAtions between systolic And diAstolic rotAtion PArAmeters

After adjustment for age, basal and apical peak diastolic de-rotation velocities were 
related to basal peak systolic rotation (R2 = 0.23, P <0.001) and apical peak systolic 
rotation (R2 = 0.38, P <0.001), respectively. Peak diastolic untwisting velocity was 
related to basal peak systolic rotation (R2 = 0.21, P <0.001), apical peak systolic 
rotation (R2 = 0.22, P <0.001), and peak systolic twist (R2 = 0.46, P <0.001), whereas 
untwisting rate was only related to apical peak systolic rotation (R2 = 0.22, P <0.001), 
and peak systolic twist (R2 = 0.25, P <0.001).

start systole end systole untwisting at 
15% of diastole

Comparable

peak untwisting velocity

and untwisting rate

16
-35

 ye
ar

36-55 year

56-75 year

LV peak systolic twist 9.6 degrees Untwisting 56%

Untwisting 43%

Untwisting 37%

LV peak systolic twist 11.0 degrees

LV peak systolic twist 11.6 degrees

Figure 1

Chapter 7

Figure 1. Since LV peak systolic twist was increased in the higher age groups, comparable peak untwisting 
velocity and untwisting rate lead to delayed untwisting after 15% of diastole.  



Alterations in LV untwisting with ageing 101

discussion

Although there is a consensus that LV diastolic function declines with age,15-18 the 
exact mechanism of this decline remains to be revealed. The most important findings 
of the current study are that with advancing age 1) absolute peak diastolic untwist-
ing velocity and untwisting rate are preserved, but 2) relative (normalized for LV 
twist) peak diastolic untwisting velocity and untwisting rate are impaired, and 3) LV 
untwisting is delayed. 

influence of Ageing on lv untwisting

Clockwise basal rotation and counterclockwise apical rotation lead to a twisting LV 
deformation. This LV twist originates from the dynamic interaction of oppositely 
oriented epicardial and endocardial myocardial fibres.4 When both layers of fibres 
contract simultaneously, the larger radius of rotation for the outer epicardial layer 
results in epicardial fibres having a mechanical advantage and thereby dominating 
the overall direction of rotation.19 Besides the contribution of LV twist to LV ejec-
tion during systole, the potential energy stored in the twisted LV is rapidly released 
in early diastole, leading to swift recoil of the LV during isovolumic relaxation. 
Furthermore, still depolarized subendocardial fibres that are, in contrast to the 
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Figure 2. Schematic left ventricular twist/untwist curves, based on averaged values of peak systolic twist, 
twist at aortic valve closure (AVC), mitral valve opening (MVO), and 5%, 10%, 15% and 50% of diastole in 
different age groups, highlighting the differences of the timing of peak untwisting velocity (arrows), and the 
comparable untwisting rate. 
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systolic period, now not opposed by active contraction of the subepicardial fibres, 
may actively support this process.20 This LV untwist generates expansion of the apex 
and the intraventricular pressure gradient that helps filling the LV at a low pressure.5  

Myocardial diseases that result in diastolic dysfunction universally affect, although 
not always to the same degree, both relaxation and chamber stiffness.21 Increased 
levels of myocardial fibrosis, leading to stiffness and thereby altered passive proper-
ties of the myocardial wall, have been identified in healthy elderly people.22 However, 
with advancing age LV twist increases, probably due to subendocardial dysfunction.8, 

23, 24 The early diastolic release of increased potential energy stored during this aug-
mented systolic twisting deformation may be the cause of the preserved peak diastolic 
untwisting velocity and untwisting rate with ageing found in the current study and in 
a study by Takeuchi et al.8 Our findings of strong age-independent relations between 
LV peak systolic twist and peak diastolic untwisting velocity and untwisting rate 
support this hypothesis. Nevertheless, although peak diastolic untwisting velocity 
and untwisting rate did not change significantly, with advancing age both parameters 
were impaired when normalized for the increased extent of LV twist. This resulted 
in a progressive delay in relative LV untwisting and in the time-to-peak diastolic 
untwisting velocity with ageing, also seen in a study by Zhang et al.9 These findings 
may reflect the increased stiffness known to occur in ageing LV’s.22 In addition, the 
same subendocardial dysfunction that is supposed to lead to increased peak systolic 
twist with ageing,8, 23, 24 may also lead to loss of the active part of untwisting nor-
mally caused by in early diastole still depolarized subendocardial fibres. Our finding 
of relatively reduced and delayed LV untwisting may help to explain the increased 
duration of isovolumic relaxation in the elderly. Because LV untwisting generates the 
LV pressure gradient that helps filling the LV,5 impediment of LV untwisting may 
lead to delayed generation of this pressure gradient, and thereby to delayed opening 
of the mitral valve. 

clinicAl imPlicAtions

The prevalence of asymptomatic diastolic dysfunction in the general community is 
not insignificant, a finding being noted in approximately 25% to 30% of individuals 
>45 years of age.25 Furthermore, by the seventh decade of life, the incident cases 
of heart failure with a preserved LV ejection fraction approach, and by the eighth 
decade of life exceed, those of heart failure with reduced LV ejection fraction.26, 

27 As our awareness evolves of the profound adverse clinical consequences of overt 
diastolic dysfunction,28, 29 the understanding of diastology has become more and 
more relevant to the practice of medicine. The findings of the current study provide 
further insights into the changes of LV diastolic function with ageing. 
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limitations

In previous speckle tracking echocardiography studies, LV peak systolic twist in 
control subjects varied widely, from 9 degrees in a study by Takeuchi et al.30 to 20 
degrees in a study by Tanaka et al.31 Apart from the influence of age on LV twist 
and untwist, (measured) LV apical rotation, and thereby LV twist and untwist, is 
significantly influenced by a correct visualization of the true LV apex.11 However, it 
seems reasonable to assume that the acquisition of the true LV apex has been equally 
successful in the different age groups. In the near future, three-dimensional speckle 
tracking echocardiography might provide a definite solution for this limitation of 
two-dimensional speckle tracking echocardiography.

conclusion

Impairment of the relative peak diastolic untwisting velocity and untwisting rate, 
resulting in delayed LV untwisting, may help to explain diastolic dysfunction in the 
elderly.
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abstract

Background. Conceptually, an ideal therapeutic agent should target the underly-
ing mechanisms that cause left ventricular (LV) diastolic dysfunction. The objec-
tive of our study was to gain further insight into the mechanics of diastology by 
comparison of LV untwisting measured by speckle tracking echocardiography 
(STE) in young healthy adults with normal and ‘pseudo-restrictive’ LV filling, 
and dilated cardiomyopathy (DCM) patients with ‘true restrictive’ LV filling.

Methods. The study comprised 20 healthy volunteers with a Doppler LV-inflow 
pattern compatible with restrictive LV filling but a diastolic early phase filling 
velocity / early diastolic velocity of the mitral annulus (E/Em) ratio <8 (‘pseudo-
restrictive’), 20 for age and gender matched healthy volunteers with normal LV 
filling and an E/Em ratio <8, and 10 DCM patients with ‘true restrictive’ LV 
filling and an E/Em ratio >15. LV untwisting parameters were determined by 
STE.

Results. Compared to healthy subjects, DCM patients had decreased peak dias-
tolic untwisting velocity (-62 ± 33 degrees/s vs. -113 ± 25 degrees/s, P <0.01) and 
untwisting rate (-15 ± 9 degrees/s vs. -51 ± 24 degrees/s, P <0.01). Compared to 
healthy subjects with normal LV filling, healthy subjects with ‘pseudo-restrictive’ 
LV filling had increased peak diastolic untwisting velocity (-123 ± 25 degrees/s 
vs. -104 ± 30 degrees/s, P <0.05) and untwisting rate (-59 ± 23 degrees/s vs. -44 
± 22 degrees/s, P <0.05). 

Conclusion. Faster LV untwisting plays a pivotal role in the rapid early diastolic 
filling occasionally seen in young healthy individuals. In contrast, in DCM 
patients untwisting is severely delayed and this impairment to utilize suction 
may reduce LV filling. 
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introduction

It has become widely recognized that virtually all forms of acquired organic heart 
disease are associated with a component of left ventricular (LV) diastolic dysfunc-
tion.1 Doppler echocardiography is the most often used technique to study LV dias-
tolic function.2, 3 At the end of the spectrum of diastolic dysfunction is a restrictive 
LV filling pattern. However, in healthy adolescents and young adults, there may be 
a marked contribution of active LV relaxation to LV filling, resulting in an accentu-
ated diastolic early phase filling velocity (E) with a short deceleration time, that 
resembles a restrictive LV filling pattern (‘pseudo-restrictive’).4, 5 Echocardiographic 
differentiation of this physiological phenomenon from a true pathological restric-
tive LV filling pattern can be done by evaluation of left atrial size, pulmonary vein 
velocity and the early diastolic velocity of the mitral annulus (Em).6 Before mitral 
valve opening, in the isovolumic relaxation period, untwist of the obliquely oriented 
fibres of the LV contributes to the generation of the intraventricular pressure gradi-
ent, which leads to LV diastolic suction, a major determinant of early LV filling.7, 8 
LV untwisting assessed by speckle tracking echocardiography (STE) may provide a 
novel index to assess LV diastolic function.9 The objective of our study was to gain 
further insight into the mechanics of diastology by comparison of LV untwisting 
measured by STE in young healthy adults with a normal and a ‘pseudo-restrictive’ 
LV filling pattern, and dilated cardiomyopathy (DCM) patients with a ‘true restric-
tive’ LV filling pattern.

methods

study PArticiPAnts 

The study population consisted of 20 consecutive healthy volunteers (mean age 29 
± 8 year, 13 men) with a Doppler LV-inflow pattern compatible with restrictive LV 
filling but an E/Em ratio <8 (‘pseudo-restrictive’), 20 for age and gender matched 
healthy volunteers with a normal LV filling pattern and an E/Em ratio <8, and 10 
consecutive DCM patients (mean age 35 ± 19 year, 6 men) with a ‘true restrictive’ LV 
filling pattern and an E/Em ratio >15. A restrictive LV filling pattern was defined 
as an early to active (A) LV diastolic filling velocity ratio (E/A ratio) >2 with a 
deceleration time ≤150 ms.3, 10 Healthy volunteers had to be without hypertension, 
diabetes, or regular use of medication for cardiovascular disease, and with normal 
left atrial dimensions, LV dimensions, and LV ejection fraction. Healthy volunteers 
were primarily recruited from our department (personnel) or were family members 
or friends. All subjects were in sinus rhythm and had good echocardiographic image 
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quality, allowing complete STE analysis of both the LV basal and apical parasternal 
short-axis images. The institutional review board approved the study and all subjects 
gave informed consent.

echocArdiogrAPhy

Two-dimensional grayscale harmonic images were obtained in the left lateral decu-
bitus position using a commercially available ultrasound system (iE33, Philips, Best, 
The Netherlands), equipped with a broadband (1-5MHz) S5-1 transducer (frequency 
transmitted 1.7MHz, received 3.4MHz). All echocardiographic measurements were 
averaged from three heartbeats. From the second harmonic M-mode recordings 
the following data were acquired: left atrial size, LV end-diastolic anteroseptal and 
inferolateral wall thickness, and LV end-diastolic and end-systolic dimension. From 
the mitral-inflow pattern, E, A, E/A ratio, and E-wave velocity deceleration time 
were measured. Tissue Doppler was applied end-expiratory in the pulsed-wave Dop-
pler mode at the level of the inferoseptal side of the mitral annulus from an apical 
4-chamber view. To acquire the highest wall tissue velocities, the angle between the 
Doppler beam and the longitudinal motion of the investigated structure was adjusted 
to a minimal level. The spectral pulsed-wave Doppler velocity range was adjusted to 
obtain an appropriate scale. 

To optimize STE, images were obtained at a frame rate of 60 to 80 frames/s. Para-
sternal short-axis images at the LV basal level (showing the tips of the mitral valve 
leaflets) with the cross section as circular as possible were obtained from the standard 
parasternal position, defined as the long-axis position in which the LV and aorta 
were most in-line with the mitral valve tips in the middle of the sector. To obtain a 
short-axis image at the LV apical level (just proximal to the level with end-systolic 
LV luminal obliteration) the transducer was positioned 1 or 2 intercostal spaces more 
caudal as previously described by us.11 From each short-axis image, three consecutive 
end-expiratory cardiac cycles were acquired and transferred to a QLAB workstation 
(Philips, Best, The Netherlands) for off-line analysis.

sPeckle trAcking AnAlysis

Analysis of the datasets was performed using QLAB Advanced Quantification 
Software version 6.0 (Philips, Best, The Netherlands), which was recently validated 
against magnetic resonance imaging for assessment of LV twist.12 To assess LV 
rotation, six tracking points were placed manually (after gain correction) on the 
mid-myocardium on an end-diastolic frame in each parasternal short-axis image. 
Tracking points were separated about 60° from each other and placed on 1 (30°, 
anteroseptal insertion into the LV of the right ventricle), 3 (90°), 5 (150°), 7 (210°), 9 
(270°, inferoseptal insertion into the LV of the right ventricle), and 11 (330°) o’clock 
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to fit the total LV circumference. After positioning the tracking points, the program 
tracked these points on a frame-by-frame basis by use of a least squares global affine 
transformation. The rotational component of this affine transformation was then 
used to generate rotational profiles.

Data were exported to a spreadsheet program (Excel, Microsoft Corporation, 
Redmond, WA) to determine LV peak systolic rotation during ejection, instanta-
neous LV peak systolic twist (defined as the maximal value of instantaneous LV 
apical systolic rotation - LV basal systolic rotation), LV untwisting at 5%, 10%, 15%, 
30%, and 50% of diastole, peak diastolic untwisting velocity, time-to-peak diastolic 
untwisting velocity, and untwisting rate. The degree of untwisting was expressed as 
a percentage of maximum systolic twist: untwisting = (peak systolic twist − twistt)/
peak systolic twist × 100%, where twistt is LV twist at time t. Untwisting rate was 
defined as the mean diastolic untwisting velocity from peak systolic twist to mitral 
valve opening and calculated as: (twist at mitral valve opening − peak systolic twist) 
/ time interval from peak systolic twist to mitral valve opening. Counterclockwise 
rotation and twist as viewed from the apex was expressed as a positive value, clock-
wise rotation and twist was expressed as a negative value. End-systole was defined as 
the point of aortic valve closure. In each study it was verified that heart rate for the 
cardiac cycle in which the timing of aortic valve closure was assessed, was the same 
as the cardiac cycle used for analysis of untwisting.  

stAtisticAl AnAlysis

Measurements are presented as mean ± SD. Continuous variables were compared 
using Student’s t test or ANOVA when appropriate. Simple linear regression of LV 
twist and conventional Doppler parameters of LV diastolic function against diastolic 
LV untwisting parameters was performed. A P value < .05 was considered statisti-
cally significant. Intraobserver and interobserver variability for LV twist in patients 
with good echocardiographic image quality in our center are 5% ± 4% and 7% ± 4%, 
respectively.13 

results

clinicAl And conventionAl echocArdiogrAPhic chArActeristics of the 
study PoPulAtion

Clinical and conventional echocardiographic characteristics of the study population 
are shown in Table 1. Healthy subjects with normal and ‘pseudo-restrictive’ LV filling 
were comparable according to clinical characteristics, LA and LV dimensions, and 
LV ejection fraction. 
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Table 1. Clinical and echocardiographic characteristics of the study population 

Healthy subjects

(n = 40)

DCM patients 
with ‘true 

restrictive’ LV 
filling 

(n = 10)

All ‘Pseudo-
restrictive’ 
LV filling
(n = 20)

Normal LV 
filling

(n = 20)

Clinical characteristics

Age, year 29 ± 8 29 ± 8 30 ± 9 35 ± 19

Male, n  (%) 26 (65) 13 (65) 13 (65) 6 (60)

Heart rate, bpm 64 ± 11 61 ± 8 66 ± 15 70 ± 14

Echocardiographic characteristics

Left atrial size, cm 3.5 ± 0.4 3.5 ± 0.4 3.5 ± 0.5 4.8 ± 0.7**

IVSd, cm 0.9 ± 0.2 0.9 ± 0.2 0.9 ± 0.1 0.9 ± 0.2

LVPWd, cm 1.0 ± 0.2 1.0 ± 0.2 0.9 ± 0.1 0.9 ± 0.2

LV-EDD, cm 4.9 ± 0.4 4.9 ± 0.4 4.9 ± 0.5 6.4 ± 0.6**

LV-ESD, cm 3.3 ± 0.4 3.3 ± 0.4 3.2 ± 0.5 5.5 ± 0.7**

LV ejection fraction, % 62 ± 6 61 ± 6 64 ± 8 26 ± 9**

 Doppler indices

 E, cm/s 80 ± 13 85 ± 15 75 ± 11‡ 86 ± 19

 A, cm/s 46 ± 10 39 ± 8 53 ± 14† 32 ± 9*

 E/A ratio 1.9 ± 0.5 2.2 ± 0.5 1.5 ± 0.4† 2.7 ± 0.6*

 Deceleration time, ms 162 ± 24 140 ± 12 188 ± 26† 121 ± 30**

 Em septal, cm/s 11.1 ± 1.5 11.3 ± 1.4 10.8 ± 1.6 5.1 ± 1.9**

 E/Em ratio 6.8 ± 1.2 6.6 ± 1.0 7.0 ± 1.5 18.5 ± 3.2**

 LV systolic rotation parameters

 Basal peak rotation, degrees -3.6 ± 2.0 -3.3 ± 2.4 -3.8 ± 1.7 -3.8 ± 0.9

 Apical peak rotation, degrees 7.0 ± 3.3 7.0 ± 3.3 7.1 ± 3.2 2.1 ± 1.9**

 Peak twist, degrees 10.0 ± 3.8 10.1 ± 3.3 9.8 ± 4.2 5.2 ± 1.5**

Values are means ± SD. DCM = dilated cardiomyopathy, LV = left ventricular, IVSd = interventricular septum 
thickness (diastole), LVPWd = left ventricular posterior wall thickness (diastole), LV-EDD = left ventricular 
end-diastolic dimension, LV-ESD = left ventricular end-systolic dimension, E = peak early phase filling 
velocity, A = peak atrial phase filling velocity, Em = peak early diastolic wave velocity. ‡P <0.05 and †P <0.001 
compared to healthy subjects with ‘pseudo-restrictive’ LV filling and DCM patients, *P <0.01 and **P <0.001 
compared to healthy subjects.
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lv twist in heAlthy subjects with normAl And ‘Pseudo-restrictive’ lv 
filling, And dcm PAtients

LV basal (-3.8 ± 1.7 degrees vs. -3.3 ± 2.4 degrees) and apical peak systolic rotation 
(7.1 ± 3.2 degrees vs. 7.0 ± 3.3 degrees), and LV peak systolic twist (9.8 ± 4.2 degrees 
vs. 10.1 ± 3.3 degrees) were comparable in healthy subjects with normal and ‘pseudo-
restrictive’ LV filling (all P = NS). Compared to healthy subjects, DCM patients had 
comparable basal LV peak systolic rotation (-3.8 ± 0.9 degrees vs. -3.6 ± 2.0 degrees, 
P = NS), decreased apical LV peak systolic rotation (2.1 ± 1.9 degrees vs. 7.0 ± 3.3 
degrees, P <0.001), and decreased LV peak systolic twist (5.2 ± 1.5 degrees vs. 10.0 ± 
3.8 degrees, P <0.001) (Table 1).

lv untwisting in heAlthy subjects with normAl And ‘Pseudo-restrictive’ 
lv filling, And dcm PAtients

Compared to healthy subjects with normal LV filling, healthy subjects with ‘pseudo-
restrictive’ LV filling had increased untwisting at 5% (25 ± 10% vs. 16 ± 11%, P <0.05), 
and 10% (45 ± 17% vs. 31 ± 16%, P <0.05) of diastole, peak diastolic untwisting 
velocity (-123 ± 25 degrees/s vs. -104 ± 30 degrees/s, P <0.05), and untwisting rate 
(-59 ± 23 degrees/s vs. -44 ± 22 degrees/s, P <0.05). Compared to healthy subjects, 
DCM patients had decreased untwisting at 5% (4 ± 4% vs. 21 ± 10%, P <0.01), 10% 
(13 ± 10% vs. 38 ± 16%, P <0.01), 15% (24 ± 14% vs. 52 ± 18%, P <0.01), and 30% 

Table 2. Untwisting in healthy subjects with and without ‘pseudo-restrictive’ LV filling and DCM patients

Healthy subjects

(n = 40)

DCM patients 
with

‘true restrictive’ 
LV filling
(n = 10)

All ‘Pseudo-
restrictive’ 
LV filling
(n = 20)

Normal LV 
filling

(n = 20)

Untwisting at 5% of diastole, % 21 ± 10 25 ± 10 16 ± 11‡ 4 ± 4*

Untwisting at 10% of diastole, % 38 ± 16 45 ± 17 31 ± 16‡ 13 ± 10*

Untwisting at 15% of diastole, % 52 ± 18 57 ± 20 47 ± 16 24 ± 14*

Untwisting at 30% of diastole, % 70 ± 17 70 ± 14 71 ± 21 43 ± 24*

Untwisting at 50% of diastole, % 82 ± 12 81 ± 12 83 ± 18 73 ± 32

Peak diastolic untwisting velocity, degrees/s -113 ± 25 -123 ± 25 -104 ± 30‡ -62 ± 33*

Time-to-peak diastolic untwisting velocity, % 14 ± 6 12 ± 9 16 ± 7 30 ± 17*

Untwisting rate, degrees/s -51 ± 24 -59 ± 23 -44 ± 22‡ -15 ± 9*

Values are means ± SD. Abbreviations as in Table 1. ‡P <0.05 compared to healthy subjects with ‘pseudo-
restrictive’ left ventricular filling, *P <0.01 compared to healthy subjects.
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of diastole (43 ± 24% vs. 70 ± 17%, P <0.01), and decreased peak diastolic untwisting 
velocity (-62 ± 33 degrees/s vs. -113 ± 25 degrees/s, P <0.01), and untwisting rate 
(-15 ± 9 degrees/s vs. -51 ± 24 degrees/s, P <0.01) (Table 2, Figure 1, Figure 2). 
Regression analysis revealed a significant negative linear relationship between E/Em 
ratio and untwisting at 5% (R2 = 0.12, P <0.05), 10% (R2 = 0.19, P <0.01), 15% (R2 
= 0.25, P <0.001), and 30% (R2 = 0.24, P <0.001) of diastole, and untwisting rate (R2 
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Figure 1. Schematic left ventricular (LV) diastolic twist curves, highlighting the differences in untwisting 
between healthy subjects with and without ‘pseudo-restrictive’ LV filling and dilated cardiomyopathy patients 
with ‘true restrictive’ LV filling. 
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Figure 2Figure 2. Peak diastolic untwisting velocity and untwisting rate in healthy subjects with ‘pseudo-restrictive’ 
or normal left ventricular (LV) filling, and dilated cardiomyopathy (DCM) patients with ‘true restrictive’ LV 
filling. 
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= 0.20, P <0.01) in the total study population. Untwisting rate (R2 = 0.43, P <0.001) 
and peak diastolic untwisting velocity (R2 = 0.49, P <0.001) were significantly related 
to LV peak systolic twist (Figure 3).

discussion

Diastolic heart failure has emerged over the last two decades as a separate clinical 
entity.14 STE provides novel indices to assess LV diastolic function, offering a chance 
to gain further insight into the mechanics of diastology and thereby potentially 
opening doors to new treatment strategies. In this study, LV diastolic untwisting 
was investigated in healthy adults with normal or ‘pseudo-restrictive’ LV filling, 
and DCM patients with true restrictive LV filling. The most important findings of 
this study are 1] faster early diastolic untwisting in healthy subjects with ‘pseudo-
restrictive’ LV filling, and 2] delayed untwisting throughout the first 30% of diastole 
in DCM patients with ‘true restrictive’ filling. 

role of untwisting in lv filling

Early diastolic filling is determined by the diastolic transmitral pressure gradient. 
Therefore, it depends on both left atrial driving pressure and LV pressure drop. This 
latter is caused by the active process of myocardial relaxation and LV elastic recoil, 
whereby the myocardium returns to an unstressed length and force. As the base and 
apex of the heart rotate in an opposite direction and generate systolic twisting of the 

Figure 3. Linear regression scatter plot, displaying the relation between untwisting rate and left ventricular 
(LV) twist. DCM = dilated cardiomyopathy.
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LV, part of the energy used is stored within the extracellular collagen matrix15 and 
compressed titin within the myocytes.16 The recoil of this systolic LV twisting, or 
untwisting, occurs largely during the isovolumic relaxation phase, and is associated 
with the release of the elastic energy stored by the preceding systolic deformation. The 
relationship between untwisting rate and LV peak systolic twist found in our study 
underscores the close link between systolic contraction and diastolic suction caused by 
LV untwisting.17 However, in healthy subjects with and without ‘pseudo-restrictive’ 
LV filling, systolic LV twist was comparable, whereas diastolic LV untwisting was 
accelerated in the former. Apparently, in healthy subjects with rapid LV untwisting 
there are other factors, such as LV compliance, that influence the successfulness of 
the transformation of potential energy stored in systolic LV twisting into kinetic 
energy used for diastolic LV untwisting. Despite the limited ability of STE to study 
changes in LV twist in a short period of time due to the suboptimal temporal resolu-
tion, from our study it may be concluded that untwisting plays a pivotal role in the 
rapid early diastolic filling occasionally seen in young healthy individuals. 

In contrast, in DCM patients, untwisting is severely delayed and this impairment 
to utilize suction may impair LV filling.18, 19 It has been argued that interstitial LV 
remodeling and changes in the relative expression of the titin isoforms N2B (the 
stiff isoform) and N2BA (the more compliant isoform) may explain the reduction in 
elastic recoil in patients with DCM20, 21 since deformation of normal proportioned 
titin during systole below slack length generates the restoring force.22 Conceptually, 
an ideal therapeutic agent should target the underlying mechanisms that cause dias-
tolic dysfunction. The findings of the current study provide further insight into the 
(patho-) physiology of diastology. Improving untwisting might be a new therapeutic 
goal in the treatment of LV diastolic dysfunction. 
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abstract

Background. Left ventricular (LV) twist originates from the interaction between 
myocardial fibre helices that are formed during the formation of compact myo-
cardium in the final stages of the development of myocardial architecture. Since 
noncompaction cardiomyopathy (NCCM) is probably caused by intrauterine 
arrest of this final stage, it may be anticipated that LV twist characteristics are 
altered in NCCM patients, beyond that seen in patients with impaired LV 
function and normal compaction. The purpose of this study was to assess LV 
twist characteristics in NCCM patients compared to patients with non-ischemic 
dilated cardiomyopathy (DCM) and normal subjects.

Methods. The study population consisted of 10 patients with NCCM, 10 patients 
with DCM, and 10 healthy controls. LV twist was determined by speckle track-
ing echocardiography. 

Results. In all controls and DCM patients, rotation was clockwise at the basal 
level and counterclockwise at the apical level. In contrast, in all NCCM patients 
the LV base and apex rotated in the same direction. 

Conclusion. These findings suggest that ‘LV solid body rotation’, with near 
absent LV twist, may be a new sensitive and specific, objective and quantitative, 
functional diagnostic criterion for NCCM.
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introduction

Left ventricular (LV) twist, defined as the wringing motion of the heart as the apex 
rotates with respect to the base around the LV long-axis, has an important role in LV 
ejection and filling.1, 2 The final stage of the development of myocardial architecture 
is characterized by the formation of compact myocardium and development of 
oppositely wound epicardial and endocardial myocardial fibre helices.3, 4 LV twist 
originates from the dynamic interaction between these helices. Noncompaction car-
diomyopathy (NCCM) is a heterogeneous disorder probably caused by intrauterine 
arrest of the final stage of cardiac embryogenesis.5 It may be anticipated that LV 
twist characteristics are altered in NCCM patients, beyond that seen in patients with 
impaired LV function and normal compaction. 

Recently, speckle-tracking echocardiography (STE) has been introduced as a new 
method for angle-independent quantification of LV twist.6 Speckles are natural 
acoustic markers that occur as small and bright elements in conventional grayscale 
ultrasound images. The speckles are the result of constructive and destructive inter-
ference of ultrasound, back-scattered from structures smaller than a wavelength of 
ultrasound.7 This gives each small area a rather unique speckle pattern that remains 
relatively constant from one frame to the next. Therefore, a suitable pattern-matching 
algorithm can identify the frame-to-frame displacement of a speckle pattern, allow-
ing myocardial motion to be followed in two dimensions. 

This study sought to assess LV twist characteristics by STE in NCCM patients 
compared to patients with non-ischemic dilated cardiomyopathy (DCM) and nor-
mal subjects.

methods

study PArticiPAnts

The study population consisted of 10 patients with NCCM (mean age 41 ± 16 year, 
6 men), 10 patients with DCM (mean age 47 ± 13 year, 5 men), and 10 healthy 
controls (mean age 43 ± 8 year, 5 men) without hypertension or diabetes, and with 
normal left atrial dimensions, LV dimensions, and LV function. Only subjects in 
sinus rhythm with good two-dimensional image quality were enrolled. An informed 
consent was obtained from all subjects and the institutional review board approved 
the study.
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diAgnostic criteriA for nccm And non-ischemic dcm

NCCM patients strictly fulfilled all 4 echocardiographic diagnostic criteria for 
NCCM according to Jenni et al.8: [1] absence of co-existing cardiac abnormalities 
(including coronary stenoses); [2] a 2-layered structure of the LV wall, with the 
end-systolic ratio of noncompacted to compacted layer >2; [3] finding this structure 
predominantly in the apical and mid-ventricular areas; and [4] blood flow directly 
from the ventricular cavity into the deep intertrabecular recesses as assessed by Dop-
pler and contrast echocardiography.9 Hypertensive heart disease was excluded by 
clinical and echocardiographic examinations (septal thickness < 13 mm). DCM was 
characterized by ventricular chamber enlargement and systolic dysfunction, based 
on current guidelines.10 All NCCM and DCM patients had undergone coronary 
angiography to exclude coronary artery disease.

echocArdiogrAPhy 

Two-dimensional grayscale harmonic images at a frame rate of 60 to 80 frames/s 
were obtained in the left lateral decubitus position using a commercially available 
ultrasound system (iE33, Philips, Best, The Netherlands), equipped with a broadband 
(1-5MHz) S5-1 transducer (frequency transmitted 1.7MHz, received 3.4MHz). 
Measurements of LV dimensions, volumes, fractional shortening, and ejection 
fraction were obtained in accordance with the recommendations of the American 
Society of Echocardiography.11 According to the recommendations of the American 
Heart Association on standardized myocardial segmentation and nomenclature for 
tomographic imaging of the heart, a 17-segment model was used for the assessment 
of regional LV wall motion.12 Parasternal short-axis images at the basal level (show-
ing the tips of the mitral valve leaflets), with the cross section as circular as possible, 
were obtained from the standard parasternal window, in which the LV and aorta 
were most in-line with the mitral valve tips in the middle of the sector. To obtain a 
short-axis image at the apical level (just proximal to the level with LV luminal oblit-
eration at the end-systolic period) the transducer was positioned 1 or 2 intercostal 
spaces more caudal as previously described by us.13 From each short-axis image, three 
consecutive end-expiratory cardiac cycles were acquired and transferred to a QLAB 
workstation (Philips, Best, The Netherlands) for off-line analysis.

dAtA AnAlysis 

Analysis of the datasets was performed using QLAB Advanced Quantification Soft-
ware (version 6.0, Philips, Best, The Netherlands) that was recently validated against 
magnetic resonance imaging for assessment of LV twist by speckle tracking.14 To 
assess LV rotation, six tracking points were placed manually (after gain correction) on 
an end-diastolic frame in each parasternal short-axis image on the midmyocardium. 
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In NCCM patients the tracking points were placed in the inner to midsection of the 
compacted part of the muscle. Tracking points were separated about 60° from each 
other and placed on 1 (anteroseptal insertion into the LV of the right ventricle), 3, 5, 
7, 9 (inferoseptal insertion into the LV of the right ventricle) and 11 o’clock to fit the 
total LV circumference. LV rotation was estimated as the average angular displace-
ment of all six tracking points relative to the center of a best-fit circle through the 
same tracking points. Rotation data were exported to a spreadsheet program (Excel, 
Microsoft Corporation, Redmond, WA) to determine LV peak rotation and time-
to-peak LV rotation at the different short-axis planes, instantaneous peak LV twist 
(defined as the maximal value of instantaneous apical systolic rotation - basal systolic 
rotation), and time-to-peak LV twist. Counterclockwise rotation and twist as viewed 
from the apex was expressed as a positive value, clockwise rotation and twist was 
expressed as a negative value. To adjust for intersubject differences in heart rate, the 
time sequence was normalized to a percentage of systolic duration. The end of systole 
was defined as the point of aortic valve closure.

stAtisticAl AnAlysis

Continuous variables were presented as mean ± SD, and tested for normality. 
Categorical data were expressed as percentages. Variables were compared using 
the Student’s t test, the Chi-square test or ANOVA when appropriate. A P value 
<0.05 was considered statistically significant. To test the intraobserver variability, 
measurements were repeated 4 weeks apart by the same observer (BVD) on the 
same echocardiographic loop for 10 randomly selected subjects. To test interobserver 
variability, a second observer (MLG) who was unaware of the results of the first 
measurements, performed repeated measurements on the same randomly selected 
subjects. Variability was calculated as the mean percent error, derived as the absolute 
difference between the two sets of measurements, divided by the mean of the meas-
urements. Intra- and interobserver variability for all parameters varied from 2.1% to 
6.3% and 4.2% to 8.7% respectively.

results

subject chArActeristics

All clinical and traditional echocardiographic characteristics in controls, DCM and 
NCCM patients are shown in Table 1. Controls had a significantly shorter QRS 
duration, smaller LV dimensions and volumes, and higher LV fractional shortening 
and ejection fraction compared to NCCM and DCM patients. Regional wall motion 
was normal in all segments in controls (P <0.001 vs. DCM and NCCM), none of the 
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segments in DCM patients (P <0.001 vs. NCCM), and in 27% of the compacted, 
and 11% of the non-compacted segments in patients with NCCM.

lv rotAtion in nccm 

In all controls and DCM patients, LV rotation was clockwise at the basal level and 
counterclockwise at the apical level. In contrast, in all NCCM patients the LV base 
and apex rotated in the same direction. The LV rotated as a solid body in a clockwise 
direction in 7 NCCM patients, and in a counterclockwise direction in 3 NCCM 
patients (Figure 1). LV basal rotation (-2.7º ± 1.1º vs. -3.6º ± 2.0º vs. -3.5º ± 1.0º, 
P = NS) was comparable in controls, DCM patients, and the 7 NCCM patients 
with clockwise solid body rotation. In the 3 NCCM patients with counterclockwise 
solid body rotation, LV basal rotation (3.4º ± 1.8º) was significantly different from 
LV basal rotation in controls and DCM patients (both P <0.001). LV apical rota-
tion was significantly lower in both NCCM patients with clockwise (-2.5º ± 1.1º, P 
<0.001) and counterclockwise (4.2º ± 1.0º, P <0.05) solid body rotation, and DCM 

Table 1. Characteristics of NCCM, DCM, and Controls

NCCM
(n = 10)

DCM
(n = 10)

Controls
(n = 10)

Clinical data

 Age, years 41 ± 16 47 ± 13 43 ± 8

 Men, n (%) 6 (60) 5 (50) 5 (50)

 QRS duration, ms 116 ± 38 117 ± 34 89 ± 8*

  Bundle branch block  
(left/right/aspecific), n

2 / 0 / 1 3 / 0 / 0 0 / 0 / 0

Echocardiographic data

 LV-EDD, mm 56 ± 8 67 ± 12 50 ± 6*

 LV-ESD, mm 44 ± 9 55 ± 14 34 ± 6*

 LV fractional shortening, % 23 ± 6 18 ± 9 32 ± 7*

 LV-EDV, ml 152 ± 52 167 ± 55 115 ± 23*

 LV-ESV, ml 92 ± 43 117 ± 44 44 ± 15 †

 LV ejection fraction, % 38 ± 13 30 ± 9 62 ± 7 †

 Regional wall motion Compacted Non-compacted

  Segments, n (%) 94 (55) 76 (45) 170 (100) 170 (100)

  Normal, n (%) 25 (27) †† 8 (11) †† 0 (0) 170 (100) ‡

  Hypokinesis, n (%) 49 (52) 46 (61) 100 (59) 0 (0) ‡

  Akinesis, n (%) 20 (21)** 18 (24)** 64 (38) 0 (0) ‡

  Dyskinesis, n (%) 0 (0) 4 (5) 6 (3) 0 (0)

Values are mean ± SD. NCCM = noncompaction cardiomyopathy, DCM = dilated cardiomyopathy, LV = left 
ventricular, EDD = end-diastolic dimension, ESD = end-systolic dimension, EDV = end-diastolic volume, ESV 
= end-systolic volume. *P <0.05, †P <0.01, ‡P <0.001 vs. NCCM and DCM,  **P <0.05, ††P <0.001 vs. DCM
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patients (2.6º ± 1.4º, P <0.001) as compared to controls (7.2º ± 2.0º). There were no 
differences in basal and apical time-to-peak rotation between controls, DCM, and 
NCCM (Table 2). Typical examples of rotation-time curves in controls, DCM and 
NCCM are shown in Figure 2.

lv twist in nccm

Even though rotation at the basal and apical level was in the same direction in NCCM, 
there was still a small instantaneous LV twist because of differences in the degree and 
timing of peak rotation at the LV basal and apical level. Nevertheless, LV twist in 
both the NCCM patients with clockwise (-2.0º ± 0.9º) and counterclockwise solid 
body rotation (2.5º ± 1.0º) was significantly lower compared to DCM patients (5.4º 
± 2.5º, both P <0.01) and controls (9.4º ± 3.7º, P <0.001 and <0.01, respectively). 

counterclockwise vs. clockwise rotAtion in nccm

No significant differences in clinical or traditional echocardiographic data between 
NCCM patients with LV rotation in a clockwise or counterclockwise direction could 
be identified, although patients with counterclockwise LV rotation tended to have 
a shorter QRS duration (90 ± 12ms vs. 127 ± 41ms). In both NCCM patients with 
a left bundle branch block and the NCCM patient with aspecific intraventricular 
conduction delay, solid body rotation was in a clockwise direction.

Table 2. Left ventricular rotation and twist in NCCM, DCM, and Controls

NCCM (n = 10) DCM (n = 10) Controls (n = 10)

Clockwise Counterclockwise

LV Rotation n n

 Basal, degrees -3.5 ± 1.0 7 3.4 ± 1.8$‡ 3 -3.6 ± 2.0 -2.7 ± 1.1

 Apical, degrees -2.5 ± 1.1$‡ 7 4.2 ± 1.0** 3 2.6 ± 1.4‡ 7.2 ± 2.0

LV Twist, degrees -2.0 ± 0.9*† 2 2.5 ± 1.0*‡ 8 5.4 ± 2.5** 9.4 ± 3.7

Time-to-peak LV Rotation

 Basal, % 82 ± 28 83 ± 30 91 ± 18 89 ± 19

 Apical, % 93 ± 29 93 ± 30 89 ± 23 94 ± 8

Time-to-peak LV Twist, % 94 ± 12 97 ± 15 93 ± 17 93 ± 5

Values are mean ± SD. Time-to-peak LV rotation and time-to-peak LV twist as a percentage of duration of 
systole. Abbreviations are as in Table 1. *P <0.01, $P <0.001 vs. DCM, **P <0.05, †P <0.01, ‡P <0.001 vs. Controls
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discussion

Th e main fi ndings of our study are 1) in patients with DCM LV basal rotation is 
clockwise and LV apical rotation is counterclockwise as in normal controls but LV 
apical rotation is of a lesser magnitude (LV twist is less), and 2) in NCCM patients 
LV apical rotation is also of a lesser magnitude but in contrast to normal controls 
and DCM, LV basal and LV apical rotation are in the same direction (‘LV solid body 
rotation’).

Th e development of the myocardial architecture of the heart wall passes through 
several distinct steps.15 In the early tubular heart, the myocardium has an epithelial 
nature with just a few layers of cells. Th e next step is the cavity-specifi c formation 
of sheet-like myocardial protrusions into the lumen, so-called trabeculations. Th ese 
early trabeculations eff ectively increase the myocardial surface area, enabling the 
myocardial mass to increase in the absence of a coronary circulation. Currently, there 
is no consensus on what happens to this trabecular layer. Although some state that 
the trabeculations become compacted to form the compact wall of the ventricu-
lar mass,15 others claim that this is most unlikely,16 supported by a lack of proof 
for the former theory. Anyway, the fi nal stage of the development of myocardial 
architecture is characterized by the development of a multilayered spiral system in 
the compact myocardium, coinciding with invasion of the coronary vascular system 
from the epicardium.3, 4 Th e diff erent layers of the spiral system can be revealed by 
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Figure 1. Basal and apical left ventricular rotation in controls (left), dilated cardiomyopathy (middle), and 
noncompaction cardiomyopathy (right). 
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Figure 2. Typical examples of rotation-time curves during one complete cardiac cycle in controls (left), 
dilated cardiomyopathy (middle), and noncompaction cardiomyopathy (right).
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the technique of peeling. It can be seen that there is an ordered structure for the 
ventricular mass, albeit that the aggregated myocytes do not form clearly separable 
fibres, nor are the layers isolated by supporting scaffolds of connective tissue.17 In 
the matured heart, the ventricular mass is arranged in the form of a modified blood 
vessel, with each myocyte anchored to its neighbor within a three-dimensional 
myocardial mesh.18 Streeter et al.19 introduced the myocyte helix angle, representing 
the angle between the myocytes, as projected onto the circumferential-longitudinal 
plane, and the circumferential axis. The myocyte helix angle changes continuously 
from the subendocardium to the subepicardium, typically ranging from +60 degrees 
at the subendocardium to -60 degrees at the subepicardium.20 LV twist originates 
from the dynamic interaction between the oppositely wound subepicardial and 
subendocardial myocyte helices.21 Furthermore, transmural oriented myocytes may 
be necessary to ensure stability of the shape of the ventricular walls throughout 
this twisting deformation.17 The direction of LV twist is governed by the epicardial 
myocytes, mainly owing to their longer arm of movement.22 Mathematical models 
have shown that this counterdirectional helical arrangement of muscle fibres in the 
heart is energetically efficient and is important for equal redistribution of stresses and 
strain in the heart.23 

NCCM is a heterogeneous disorder probably caused by intra-uterine arrest of 
compaction of the myocardial fibres during embryogenesis.5 Due to this arrest of 
myocardial compaction it may be anticipated that the characteristic spiral helix will 
also not develop. Absence of the endocardial helix would lead to increased clockwise 
basal and counterclockwise apical LV rotation, due to loss of the counteracting 
activity. On the other hand, absence of the epicardial helix would lead to counter-
clockwise basal and clockwise apical LV rotation. Therefore, based on our results, the 
assumption has to be made that both helices must be involved to a similar extent in 
NCCM. LV solid body rotation with near absent LV twist may be one of the main 
mechanisms of impaired LV function in NCCM patients. In healthy neonates with 
an immature heart LV solid body rotation has also been described with basal and 
apical rotation being in a counterclockwise direction.24 Why some of our patients 
show clockwise and others counterclockwise LV solid body rotation remains unclear 
at this moment. Nevertheless, it is striking that all patients who showed the neonatal 
form of LV solid body (counterclockwise) rotation had no evidence for abnormal LV 
conduction, evidenced by a normal QRS duration.

At present, there is no consensus on how to precisely define NCCM. Recently, 
Kohli et al.25 studied 199 patients referred to a dedicated heart failure clinic. There 
was an unexpectedly high percentage of patients that could be identified as hav-
ing NCCM: 23.6% of the patients fulfilled one or more of the echocardiographic 
criteria currently used for the identification of NCCM.8, 26, 27 This high percentage 
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suggests that current diagnostic criteria may be too sensitive. Furthermore, there 
was a poor correlation between the echocardiographic definitions, with only 29.8% 
of the identified NCCM patients fulfilling all three criteria. We propose ‘LV solid 
body rotation’ as a new sensitive and specific, objective and quantitative, functional 
criterion, supplementing the classic subjective morphologic NCCM criteria.8, 26, 27 It 
should be noticed that others, in contrast to our findings, have occasionally described 
LV solid body rotation in DCM patients.28 Although it cannot be excluded that in 
these patients the diagnosis NCCM was overlooked, the true specificity of LV solid 
body rotation for the diagnosis of NCCM may be lower than that in our study. Other 
studies should confirm our data before this new criterion should be used clinically.
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abstract

Background. The diagnosis of noncompaction cardiomyopathy (NCCM) 
remains subject to controversy. Since NCCM is probably caused by an intra-
uterine arrest of the myocardial fibre compaction during embryogenesis, it may 
be anticipated that the myocardial fibre helices, normally causing left ventricular 
(LV) twist, will also not develop properly. The resultant LV solid body rotation 
(SBR) may strengthen the diagnosis of NCCM. The purpose of the current 
study was to explore the diagnostic value of SBR in a large group of patients 
with prominent trabeculations.

Methods. The study comprised 52 healthy subjects and 52 patients with promi-
nent trabeculations, of whom a clinical expert in NCCM defined 34 as having 
NCCM. LV rotation patterns were determined by speckle tracking echocardio-
graphy and defined as 1A) completely normal rotation: initial counterclockwise 
basal, and clockwise apical rotation, followed by end-systolic clockwise basal, 
and counterclockwise apical rotation, 1B) partly normal rotation: normal end-
systolic rotation, but absence of initial rotation in the other direction, and 2) 
SBR: rotation at the basal and apical level predominantly in the same direction. 

Results. The majority of normal subjects had LV rotation pattern 1A (98%), 
whereas the 18 subjects with hypertrabeculation not fulfilling diagnostic criteria 
for NCCM predominantly had pattern 1B (71%), and the 34 NCCM patients 
pattern 2 (88%). Sensitivity and specificity of SBR for differentiating NCCM 
from “hypertrabeculation” were 88% and 78%, respectively. All familial NCCM 
patients showed SBR and NCCM patients who were first-degree relatives from 
one family had identical LV rotation patterns.

Conclusion. SBR is an objective, quantitative, and reproducible functional crite-
rion with good predictive value for the diagnosis of NCCM.
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introduction

Noncompaction cardiomyopathy (NCCM) is a myocardial disorder characterized 
by excessive and prominent trabeculations associated with deep recesses that com-
municate with the left ventricular (LV) cavity but not the coronary circulation.1 
Although NCCM was included in the 2006 World Health Organization classifica-
tion of primary cardiomyopathies,2 it remains subject to controversy owing to lack of 
consensus on its aetiology, pathophysiology, diagnosis, and management.3 The nor-
mal LV consists of obliquely oriented muscle fibres that vary from a smaller-radius, 
right-handed helix at the subendocardium to a larger-radius, left-handed helix at 
the subepicardium.4 The functional consequence of this three-dimensional helical 
structure is a cyclic systolic twisting deformation, resulting from opposite clockwise 
basal rotation and counterclockwise apical rotation. LV twist plays a pivotal role in 
the mechanical efficiency of the heart, making it possible that only 15% fibre short-
ening results in a 60% reduction in LV volume.5 Our group recently reported LV 
solid body rotation (SBR) with nearly absent LV twist in a small group of NCCM 
patients, and hypothesized that SBR may be a new objective functional diagnostic 
criterion for NCCM.6 The purpose of the current study was to further explore the 
diagnostic value of SBR in a larger group of patients with prominent trabeculations.

methods

study PArticiPAnts

The study population consisted of 30 patients diagnosed before 2008 with NCCM 
by expert opinion (of whom 10 were included in a previous study on LV twist in 
NCCM),6 and 22 consecutive patients with prominent trabeculations (visual esti-
mated end-systolic ratio of noncompacted to compacted layer >1.5) who underwent 
echocardiography in 2008, identified by one physician highly experienced with 
echocardiography (MLG). All patients were in sinus rhythm and had good echo-
cardiographic image quality that allowed for complete segmental assessment of LV 
rotation at both the basal and apical LV level. None of the patients had known 
coronary artery disease (excluded by coronary angiography), hypertension or sig-
nificant valvular heart disease. These patients were compared to 52 healthy – for age 
and gender matched – control subjects without hypertension or diabetes, and with 
normal left atrial dimensions, LV dimensions, and LV function. All subjects gave 
informed consent and the institutional review board approved the study.  
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diAgnostic criteriA for nccm 

Two methods were used in order to diagnose NCCM in the 52 patients. The first 
method was based on the echocardiographic diagnostic criteria for NCCM according 
to Jenni et al.7: [1] a 2-layered structure of the LV wall, with the end-systolic ratio of 
non-compacted to compacted layer >2; [2] finding this structure predominantly in 
the apical and mid-ventricular areas; and [3] blood flow directly from the ventricular 
cavity into the deep intertrabecular recesses as assessed by Doppler echocardiogra-
phy. The noncompacted to compacted ratio was quantitatively assessed, with help 
from electronic calipers, by one observer (MLG) blinded to the results of LV twist 
and the expert opinion. In the other method the diagnosis of NCCM was based 
on expert opinion. One clinical expert in NCCM diagnosis (KC) used in addition 
to the Jenni criteria also the Stöllberger criteria,8 information on the history of the 
patient (including the family history) and magnetic resonance imaging data, but was 
also blinded to the LV twist results. The 30 patients with a previously established 
diagnosis of NCCM were revised according to these methods as well. 

echocArdiogrAPhy

Two-dimensional grayscale harmonic images were obtained in the left lateral 
decubitus position using a commercially available ultrasound system (iE33, Philips, 
Best, The Netherlands), equipped with a broadband (1-5MHz) S5-1 transducer 
(frequency transmitted 1.7MHz, received 3.4MHz). All echocardiographic meas-
urements were averaged from three heartbeats. Measurements of LV dimensions, 
volumes, fractional shortening, and ejection fraction were obtained in accordance 
with the recommendations of the American Society of Echocardiography.9 The LV 
was divided into 9 segments to describe the location of noncompacted segments: one 
apical, four mid-ventricular and four basal segments (with an anterior, inferoseptal, 
anterolateral and inferior segment each).7

To optimize STE, images were obtained at a frame rate of 60 to 80 frames/s. Para-
sternal short-axis images at the LV basal level (showing the tips of the mitral valve 
leaflets) with the cross section as circular as possible were obtained from the standard 
parasternal position, defined as the long-axis position in which the LV and aorta 
were most in-line with the mitral valve tips in the middle of the sector. To obtain a 
short-axis image at the LV apical level (just proximal to the level with end-systolic 
LV luminal obliteration) the transducer was positioned 1 or 2 intercostal spaces more 
caudal as previously described by us.10 From each short-axis image, three consecutive 
end-expiratory cardiac cycles were acquired and transferred to a QLAB workstation 
(Philips, Best, The Netherlands) for off-line analysis.
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sPeckle trAcking AnAlysis

Analysis of the datasets was performed using QLAB Advanced Quantification 
Software version 6.0 (Philips, Best, The Netherlands), which was recently validated 
against magnetic resonance imaging for assessment of LV twist.11 To assess LV 
rotation, six tracking points were placed manually (after gain correction) on the mid-
myocardium on an end-diastolic frame in each parasternal short-axis image. In areas 
of hypertrabeculation the tracking points were placed in the inner to midsection of 
the compacted part of the muscle. Tracking points were separated about 60° from 
each other and placed on 1 (30°, anteroseptal insertion into the LV of the right 
ventricle), 3 (90°), 5 (150°), 7 (210°), 9 (270°, inferoseptal insertion into the LV of the 
right ventricle), and 11 (330°) o’clock to fit the total LV circumference. After posi-
tioning the tracking points, the program tracked these points on a frame-by-frame 
basis by use of a least squares global affine transformation. The rotational component 
of this affine transformation was then used to generate rotational profiles.

Data were exported to a spreadsheet program (Excel, Microsoft Corporation, Red-
mond, WA) to determine LV peak systolic rotation during the isovolumic contraction 
phase (Rotearly), LV peak systolic rotation during ejection (Rotmax), and instantaneous 
LV peak systolic twist (Twistmax, defined as the maximal value of instantaneous apical 
Rotmax - basal Rotmax). Counterclockwise rotation and twist as viewed from the apex 
was expressed as a positive value, clockwise rotation and twist was expressed as a 
negative value. End-systole was defined as the point of aortic valve closure. In the 
current study, different LV rotation patterns were recognized (Figure 1):

1) Normal rotation
A. Completely normal rotation, characterized by initial counterclockwise and 

end-systolic clockwise basal rotation, and initial clockwise and end-systolic 
counterclockwise apical rotation

B. Partly normal rotation, characterized by end-systolic clockwise basal rota-
tion, and end-systolic counterclockwise apical rotation, but absence of either 
or both initial counterclockwise basal rotation or initial clockwise apical 
rotation

2) SBR 
A. Clockwise SBR, characterized by clockwise basal and apical rotation 

throughout systole
B. Counterclockwise SBR, characterized by counterclockwise basal and apical 

rotation throughout systole
C. Initial clockwise, followed by counterclockwise SBR
D. Initial counterclockwise, followed by clockwise SBR
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stAtisticAl AnAlysis

Measurements are presented as mean ± SD. Variables were compared using Student’s 
t test, or Chi-square test when appropriate. A P value < .05 was considered statisti-
cally significant. Intraobserver and interobserver variability for LV twist in our center 
are 6% ± 6% and 9% ± 5%, respectively.12 To test the reproducibility of LV rotation 
patterns, speckle tracking analysis was repeated by a different physician (FK). No 
differences in LV rotation pattern were seen.
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Figure 1. Schematic graphs of left ventricular rotation patterns in healthy controls, subjects with 
hypertrabeculation, and noncompaction cardiomyopathy patients. LV = left ventricular
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results

chArActeristics of the study PoPulAtion

Revision of the 30 patients with a previously established diagnosis of NCCM led 
to confirmation of the diagnosis in 29 by the Jenni criteria and in all 30 by expert 
opinion. Of the 22 patients with various degrees of hypertrabeculation, 7 were clas-
sified as having NCCM by the Jenni criteria and 4 by expert opinion. The remaining 
patients were classified as “subjects with hypertrabeculation”. So, in total 36 patients 
were diagnosed as NCCM by the Jenni criteria and 34 by expert opinion. In four 
patients the expert diagnosis was discrepant from the Jenni criteria, based on infor-
mation about race, family history, LV function, and results of magnetic resonance 
imaging. Clinical and conventional echocardiographic characteristics of the study 
population are shown in Table 1. 

Table 1. Characteristics of the study population

NCCM Hypertrabeculation Controls

Jenni criteria
(n = 36)

Expert opinion
(n = 34)

Jenni criteria
(n = 16)

Expert opinion
(n = 18) (n = 52)

Clinical data

 Age, years 43 ± 15 44 ± 14 48 ± 18 46 ± 19 44 ± 15

 Men, n (%) 19 (53) 18 (55) 8 (50) 9 (47) 27 (52)

 QRS duration, ms 105 ± 23 106 ± 27 111 ± 26 108 ± 25 88 ± 8‡

  Bundle branch block  
(left/right/aspecific), n

5 / 0 / 2 5 / 0 / 2 3 / 0 / 2 3 / 0 / 2 0 / 0 / 0

Echocardiographic data

 LV-EDD, mm 57 ± 8 57 ± 7 53 ± 6 54 ± 7 50 ± 6*

 LV-ESD, mm 45 ± 8 45 ± 9 40 ± 10 41 ± 10 34 ± 6†

 LV fractional shortening, % 22 ± 7 22 ± 8 24 ± 8 24 ± 9 32 ± 7‡

 LV-EDV, ml 149 ± 50 150 ± 53 146 ± 53 145 ± 48 115 ± 23‡

 LV-ESV, ml 90 ± 42 89 ± 41 81 ± 45 82 ± 46 44 ± 15‡

 LV ejection fraction, % 42 ± 14 40 ± 12 44 ± 17 45 ± 18 62 ± 7‡

  Ratio of non-compacted to 
compacted layer

2.6 ± 0.5 2.6 ± 0.5 1.7 ± 0.3 1.7 ± 0.3 NA

 Non-compacted segments, n 3.9 ± 2.5 3.8 ± 2.4 2.9 ± 1.6 3.0 ± 1.8 0 ± 0

 Absolute Twistmax, degree 3.9 ± 2.2§ 4.1 ± 2.2§ 7.1 ± 4.9 6.9 ± 5.4 10.1 ± 2.3‡

Values are mean ± SD. NCCM = noncompaction cardiomyopathy, LV = left ventricular, EDD = end-diastolic 
dimension, ESD = end-systolic dimension, EDV = end-diastolic volume, ESV = end-systolic volume, NA 
= not available, Twistmax = left ventricular peak systolic twist. *P <0.05, †P <0.01, ‡P <0.001 vs. NCCM and 
hypertrabeculation, §P <0.05 vs. hypertrabeculation
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lv rotAtion And twist in normAl subjects

In all but one normal subject initial counterclockwise rotation at the LV basal level 
and initial clockwise rotation at the LV apical level could be identified (basal Rotearly 
2.0 ± 1.2 degree, and apical Rotearly -0.8 ± 0.6 degree, respectively). Furthermore, 
peak end-systolic rotation was always in a clockwise direction at the LV basal, and 
in a counterclockwise direction at the LV apical level (basal Rotmax -3.6 ± 1.8 degree, 
and apical Rotmax 7.2 ± 2.9 degree, respectively), leading to a Twistmax of 10.1 ± 2.3 
degree.

lv rotAtion And twist in nccm PAtients And subjects with 
hyPertrAbeculAtion

The distribution of LV rotation patterns in NCCM patients and subjects with hyper-
trabeculation identified by the Jenni criteria and expert opinion is shown in Table 2. 
Sensitivity of SBR for differentiating NCCM from “hypertrabeculation” was 83% vs. 
88%, specificity 75% vs. 78%, positive predictive value 88% vs. 88%, negative predic-
tive value 67% vs. 78%, and accuracy 81% vs. 85%, when the diagnosis was based on 
the Jenni criteria vs. expert opinion, respectively (all P = NS) (Table 3). None of the 
NCCM patients showed completely normal LV rotation (LV rotation pattern 1A) 
(Figure 2). Absence of completely normal LV rotation (SBR or LV rotation pattern 
1B) had a sensitivity for differentiating NCCM from “hypertrabeculation” according 
to the Jenni criteria vs. the expert opinion of 100% vs. 100%, specificity of 25% vs. 
22%, positive predictive value of 75% vs. 71%, negative predictive value of 100% vs. 
100%, and accuracy of 77% vs. 73%, respectively (all P = NS). Even though rotation 
at the basal and apical level was in the same direction in the majority of NCCM 
patients, there was still some instantaneous LV twist because of differences in the 
degree of rotation at the LV basal and apical level. Nevertheless, absolute (neglect-
ing the clockwise or counterclockwise direction) Twistmax was decreased in NCCM 
patients as compared to subjects with hypertrabeculation, both when subjects were 
classified according to the Jenni criteria and expert opinion (3.9 ± 2.2 vs. 7.1 ± 4.9 
degree, and 4.1 ± 2.2 vs. 6.9 ± 5.4 degree, respectively, both P <0.05).

relAtion of clinicAl And echocArdiogrAPhic chArActeristics to lv 
rotAtion PAttern 

LV rotation patterns 2A and 2D (Figure 2) were relatively abundant in NCCM 
patients (according to Jenni criteria in 36% and 39%; according to expert opinion 
in 38% and 41%, respectively). LV ejection fraction and twist were lower in NCCM 
patients with LV rotation pattern 2A as compared to pattern 2D (both as diagnosed 
by Jenni criteria and expert opinion 34 ± 15 % vs. 44 ± 9 %, P <0.05, and 3.5 ± 2.5 
degree vs. 4.6 ± 1.8 degree, P <0.10). The remaining NCCM patients with SBR (2 
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with LV rotation pattern 2B, 1 with pattern 2C) had relatively preserved LV ejection 
fractions (48%, 53%, and 51%, respectively).

A diversity in LV rotation patterns was seen in NCCM patients with left bundle 
branch block (1B, 2A, and 2C in one, 2D in two) and subjects with hypertrabecula-
tion and left bundle branch block (1B in two and 2D in one). 

Seventeen patients had familial NCCM. There were 4 families with more than 1 
member included in the study (3 families with 2 first-degree relatives, and 1 family 
with 3 first degree-relatives). All these latter 9 patients had LV rotation pattern 2D. 
The remaining 8 patients with familial NCCM who did not have any first-degree 
relatives included in the study showed diverse LV rotation patterns (6 with 2A, 1 
with 2B, and 1 with 2C). 

Table 2. Left ventricular rotation patterns in noncompaction cardiomyopathy, hypertrabeculation, and controls

Rotation pattern Jenni criteria7 Expert opinion Controls
(n = 52)

NCCM
(n = 36)

Hypertrabeculation
(n = 16)

NCCM
(n = 34)

Hypertrabeculation
(n = 18)

Normal 1A 0 4 0 4 51

1B 6 8 4 10 1

Total 6 12 4 14 52

Solid body rotation 2A 13 1 13 1 0

2B 2 0 2 0 0

2C 1 1 1 1 0

2D 14 2 14 2 0

Total 30 4 30 4 0

Rotation patterns as described in methods. NCCM = noncompaction cardiomyopathy.

Table 3. Diagnostic value of left ventricular solid body rotation for diagnosis of noncompaction 
cardiomyopathy in 52 patients with prominent trabeculations

Jenni criteria7 Expert opinion

Sensitivity, % 83 88

Specificity, % 75 78

Positive predictive value, % 88 88

Negative predictive value, % 67 78

Accuracy, % 81 85
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LV rotation pattern 1A

Basal

Apical

LV rotation pattern 2A

Basal

Apical

LV rotation pattern 2D

Basal

Apical

Figure 2Figure 2. Examples of a normal subject with left ventricular rotation pattern 1A (upper panel), and 
noncompaction cardiomyopathy patients with left ventricular rotation pattern 2A (middle panel) and 2D 
(lower panel). The electrocardiogram is displayed at the bottom of each graph. The dotted line represents zero 
degrees rotation. LV = left ventricular
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discussion

Echocardiography is currently the reference standard for the diagnosis of NCCM,13 
although this recently has been doubted.14 The most important conclusion of the cur-
rent study is that SBR is an objective, quantitative, and reproducible functional criterion 
with good predictive value for the diagnosis of NCCM as established by expert opinion. 

normAl lv rotAtion And twist

LV rotation and twist in the normal heart is characterized by an early systolic coun-
terclockwise basal rotation and clockwise apical rotation, and an end-systolic peak 
rotation in a clockwise direction at the LV basal level and a counterclockwise direc-
tion at the LV apical level. This twisting deformation is supposed to be a result of the 
dynamic interaction of oppositely wound subepicardial and subendocardial myocyte 
helices. The direction of peak systolic LV twist is governed by the subepicardial fibres, 
mainly owing to their longer arm of movement.15 The early systolic LV twist in the 
opposite direction is explained by the predominant mechanical activity that develops 
along the subendocardial helix of myocardial fibres during isovolumic contraction. The 
shortening of this subendocardial helix is accompanied with stretching of the outer 
subepicardial fibres.16, 17 This biphasic deformation satisfies isovolumic mechanics: 
shortening in one direction is accompanied with stretching in the other direction. 
Furthermore, stretching of myofibres during isovolumic contraction is important 
in initiating a “stretch activation response,” an intrinsic length-sensing mechanism 
that allows muscle to adjust the force and duration of subsequent shortening.18 Peak 
systolic LV twist plays a pivotal role in the mechanical efficiency of the heart, making 
it possible that only 15% fibre shortening results in a 60% reduction in LV volume.5 
Furthermore, mathematical models have shown that the counterdirectional arrange-
ment of muscle fibres in the heart is energetically efficient and important for equal 
redistribution of stresses and strain in the heart.19 In the current study, all but one 
of the healthy controls showed this normal LV rotation pattern. Most subjects with 
hypertrabeculation, not classified as NCCM by either the Jenni criteria or expert 
opinion, showed LV rotation pattern 1B, characterized by normal end-systolic clock-
wise basal rotation and end-systolic counterclockwise apical rotation, but absence 
of either or both initial counterclockwise basal rotation or initial clockwise apical 
rotation. Hypertrabeculation in these patients may prevent proper functioning of 
the subendocardial helix of myofibres that, as mentioned before, normally causes the 
early systolic oppositely directed LV twist. Patients diagnosed with NCCM never 
showed entirely normal LV rotation, and the vast majority had SBR (predominantly 
instantaneous rotation at the basal and apical level in the same direction). 
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PAthoPhysiology of sbr in nccm

The development of the myocardial architecture of the heart wall passes through 
several distinct steps.20 In the early tubular heart, the myocardium has an epithelial 
nature with just a few layers of cells. The next step is the cavity-specific formation 
of sheet-like myocardial protrusions into the lumen, so-called trabeculations. These 
early trabeculations effectively increase the myocardial surface area, enabling the 
myocardial mass to increase in the absence of a coronary circulation. Currently, there 
is no consensus on what happens to this trabecular layer. Although some state that 
the trabeculations become compacted to form the compact wall of the ventricular 
mass,20 others claim that this is most unlikely,21 supported by a lack of proof for 
the former theory. Anyway, the final stage of the development of myocardial archi-
tecture is characterized by the development of a multilayered helical system in the 
compact myocardium, coinciding with invasion of the coronary vascular system from 
the epicardium. Since NCCM is probably caused by an intra-uterine arrest of the 
compaction of the myocardial fibres during embryogenesis,13 it may be anticipated 
that the myocardial fibre helices, and thus LV twist, will also not develop properly. 
In a pilot study we found SBR, with nearly absent LV twist, in all 10 investigated 
NCCM patients.6 

In the current study, more NCCM patients were included, and after analyses of 
the LV rotation patterns in these patients, two distinct patterns of SBR could be 
identified. One pattern was characterized by SBR in one direction (either clock- or 
counterclockwise) throughout the cardiac cycle, whereas in the other pattern there 
was SBR in one direction (either clock- or counterclockwise) in early systole, fol-
lowed by SBR in the opposite direction until end-systole. 

Interestingly, all familial NCCM patients showed SBR. Since the diagnosis of 
NCCM seems most certain in patients with familial NCCM, this finding underscores 
the excellent sensitivity of SBR for NCCM. Of additional interest is our finding that 
NCCM patients who were first-degree relatives from one family had identical LV 
rotation patterns, suggesting a genetic-functional relationship in NCCM. 

diAgnostic echocArdiogrAPhic criteriA

In the earliest proposed echocardiographic criteria for diagnosis of NCCM, Chin et 
al.22 suggested assessment of the end-diastolic X to Y ratio, where X is the distance 
from the epicardial surface to the trough of the trabecular recess, and Y is the distance 
from the epicardial surface to the peak of the trabeculation. The subsequent criteria 
proposed by Jenni et al.7 rely on measurement of the maximal end-systolic thickness of 
the noncompacted layer and compacted layer of the myocardium. Stöllberger et al.8, 

23 highlighted the difficulties in differentiating between papillary muscles, aberrant 
bands, false tendons, and trabeculations. According to Stöllberger et al. the presence 
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of more than three coarse, prominent trabeculations located apically to the papillary 
muscles, characterizes NCCM. The trabeculations should be of the same echogenicity 
as the myocardium and move synchronously with it, not connected to the papillary 
muscles, and surrounded by intertrabecular spaces perfused from the ventricular cav-
ity.8 In the current study primarily the “Jenni criteria” were used, since these criteria 
are most often used in daily clinical practice in our department. From the current 
study it may be concluded that SBR has a good predictive value for the diagnosis of 
NCCM as established by either the “Jenni criteria” or expert opinion based on multiple 
criteria. Conversely, absence of SBR may raise questions about the correct diagnosis of 
NCCM. The advantage of SBR over currently used diagnostic criteria for NCCM7, 8, 22 
is that it is objective, quantitative, and extremely reproducible. In addition to the more 
subjective criteria by Jenni et al.7 and Stöllberger et al.8, 23 we suggest that SBR, as a 
diagnostic functional criterion, should be present for a definite diagnosis of NCCM. 
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abstract

Background. Left ventricular (LV) twist has an important role in LV function. 
The influence of the pattern of LV hypertrophy on LV twist in hypertrophic car-
diomyopathy (HCM) patients is unknown. This study sought to assess LV twist 
in a large group of HCM patients according to the pattern of LV hypertrophy.

Methods. The final study population consisted of 43 patients with HCM (mean 
age 43 ± 15 year, 31 men) and a typical sigmoidal (n = 16) or reverse septal 
curvature (n = 27), and 43 age-matched and gender-matched healthy control 
subjects. LV peak systolic rotation (Rotmax), LV peak systolic twist (Twistmax), 
and untwisting at 5%, 10%, and 15% of diastole were determined by speckle 
tracking echocardiography (STE).

Results. Compared to control subjects, HCM patients had increased basal 
Rotmax (-5.5° ± 2.3° vs. -3.4° ± 1.7°, P <0.001), and comparable apical Rotmax (7.3° 
± 3.1° vs. 7.0° ± 2.2°, P = NS), resulting in increased Twistmax (12.4° ± 4.0° vs. 9.9° 
± 2.7°, P <0.01). Untwisting at 5%, 10%, and 15% of diastole was decreased in 
HCM patients (all P <0.05). There was a striking difference in apical Rotmax (9.4° 
± 2.8° vs. 6.0° ± 2.6°, P <0.01) and Twistmax (15.3° ± 3.2° vs. 10.6° ± 3.3°, P <0.01) 
between HCM patients with a sigmoidal and reverse septal curvature. 

Conclusion. STE may provide novel non-invasive indices to assess LV func-
tion in patients with HCM. Apical Rotmax and Twistmax in HCM patients are 
dependent on the pattern of LV hypertrophy.
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introduction

Hypertrophic cardiomyopathy (HCM) is a primary autosomal-dominant disorder 
of the myocardium caused by mutations in sarcomeric contractile proteins.1 In addi-
tion to left ventricular (LV) diastolic dysfunction, patients with HCM suffer from 
subclinical systolic LV dysfunction2 that may ultimately result in overt LV systolic 
dysfunction in approximately 1% of patients per year.3 Noninvasive cardiac imag-
ing techniques play a pivotal role in detecting the disease and selecting or guiding 
appropriate therapy.4 However, the heterogeneous character of both the phenotype 
and prognosis of HCM patients5 warrants an ongoing search for new noninvasive 
imaging techniques that offer parameters that might provide further insight into 
pathophysiology or be of prognostic value. In previous small tagged magnetic 
resonance imaging (MRI) studies, LV rotation and twist were studied in HCM 
patients, with discrepant results.6, 7 Speckle tracking echocardiography (STE) is a 
new, emerging echocardiographic image modality that is able to quantify LV twist.8, 9 
The current study sought 1] to assess LV rotation parameters in patients with HCM 
compared to normal control subjects, and 2] to examine whether the pattern of LV 
hypertrophy affects LV rotation parameters in patients with HCM, using STE. 

methods

study PArticiPAnts

The study population consisted of 70 consecutive non-selected patients with HCM 
(mean age 42 ± 16 year, 52 men) with a typical sigmoidal or reverse septal curvature.1 
These patients were compared to healthy - for age and gender matched - control 
subjects in sinus rhythm, without hypertension or diabetes, and with normal left 
atrial dimensions, LV dimensions, and LV function. HCM was characterized 
morphologically and defined by a hypertrophied, nondilated LV in the absence of 
another systemic or cardiac disease that is capable of producing the magnitude of 
wall thickening seen.10 An informed consent was obtained from all subjects and the 
institutional review board approved the study.

echocArdiogrAPhy

Two-dimensional grayscale harmonic images were obtained in the left lateral decu-
bitus position using a commercially available ultrasound system (iE33, Philips, Best, 
The Netherlands), equipped with a broadband (1-5MHz) S5-1 transducer (frequency 
transmitted 1.7MHz, received 3.4MHz). All echocardiographic measurements were 
averaged from three heartbeats. From the M-mode recordings the following data 



C
ha

p
te

r 
11

152

were acquired: left atrial size, LV end-diastolic septal and posterior wall thickness, 
and LV end-diastolic and end-systolic dimension. LV ejection fraction was calcu-
lated from LV volumes by the modified biplane Simpson rule in accordance with the 
guidelines.11 LV mass was assessed with the two-dimensional area-length method, 
as previously described.12 LV outflow tract gradient was measured with continuous-
wave Doppler in the apical 5-chamber view. LV outflow tract obstruction was defined 
as a gradient ≥ 30mmHg.13 From the mitral-inflow pattern, peak early (E) and late 
(A) filling velocities, E/A ratio, and E-velocity deceleration time were measured. 
Tissue Doppler was applied end-expiratory in the pulsed-wave Doppler mode at the 
level of the inferoseptal side of the mitral annulus from an apical 4-chamber view. 
To acquire the highest wall tissue velocities, the angle between the Doppler beam 
and the longitudinal motion of the investigated structure was adjusted to a minimal 
level. The spectral pulsed-wave Doppler velocity range was adjusted to obtain an 
appropriate scale. 

To optimize STE, images were obtained at a frame rate of 60 to 80 frames/s. Para-
sternal short-axis images at the LV basal level (showing the tips of the mitral valve 
leaflets) with the cross section as circular as possible were obtained from the standard 
parasternal position, defined as the long-axis position in which the LV and aorta 
were most in-line with the mitral valve tips in the middle of the sector. To obtain a 
short-axis image at the LV apical level (just proximal to the level with end-systolic 
LV luminal obliteration) the transducer was positioned 1 or 2 intercostal spaces more 
caudal as previously described by us.14 From each short-axis image, three consecutive 
end-expiratory cardiac cycles were acquired and transferred to a QLAB workstation 
(Philips, Best, The Netherlands) for off-line analysis.

sPeckle trAcking AnAlysis

Analysis of the datasets was performed using QLAB Advanced Quantification 
Software version 6.0 (Philips, Best, The Netherlands), which was recently validated 
against MRI for assessment of LV twist.15 To assess LV rotation, six tracking points 
were placed manually (after gain correction) on the mid-myocardium on an end-
diastolic frame in each parasternal short-axis image. Tracking points were separated 
about 60° from each other and placed on 1 (30°, anteroseptal insertion into the LV 
of the right ventricle), 3 (90°), 5 (150°), 7 (210°), 9 (270°, inferoseptal insertion into 
the LV of the right ventricle), and 11 (330°) o’clock to fit the total LV circumference.

If a tracking point showed poor speckle tracking by visual assessment, the position 
of the tracking point was manually changed on an end-diastolic frame in a circum-
ferential direction towards one of the other tracking points, but not more than one 
hour (30°). When speckle tracking was still insufficient, the position of the tracking 
point could be changed additionally in the direction of the endocardium. Because all 
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tracking points are needed for optimal measurement of global LV rotation, a subject 
was considered insufficient for analysis of global LV rotation by STE and excluded 
from further analysis when despite these changes one or more tracking points still 
did not track well. In addition, patients in whom the short-axis image at the LV 
apical level could not be obtained from an intercostal space more caudal than the 
standard position, were also considered insufficient for analysis of global LV rotation 
by STE because measured rotation is not representative of true rotation.14

Data were exported to a spreadsheet program (Excel, Microsoft Corporation, 
Redmond, WA) to determine LV peak systolic rotation during ejection (Rotmax), the 
early peak of LV systolic rotation during the isovolumic contraction phase (Rotearly), 
time to Rotmax (from R wave to Rotmax), time to Rotearly (from R wave to Rotearly), 
instantaneous LV peak systolic twist (Twistmax, defined as the maximal value of 
instantaneous apical systolic rotation - basal systolic rotation), time to Twistmax (from 
R wave to Twistmax), and LV untwisting at 5%, 10%, and 15% of diastole. The degree 
of untwisting was expressed as a percentage of maximum systolic twist: untwisting 
= (Twistmax - Twistt)/ Twistmax x 100%, where Twistt is twist at time t. To adjust for 
intra- and intersubject differences in heart rate, the time sequence was normalized 
to the percentage of systolic duration. End-systole was defined as the point of aortic 
valve closure. In each study it was verified that heart rate for the cardiac cycle in 
which the timing of aortic valve closure was assessed, was the same as the cardiac 
cycle used for analysis of LV twist.

stAtisticAl AnAlysis

Measurements are presented as mean ± SD. Variables were compared using Student’s 
t test, ANOVA, or Chi-square test when appropriate. Relationships between differ-
ent parameters were assessed by correlation analysis. A P value < .05 was considered 
statistically significant. Intraobserver and interobserver variability for LV twist in our 
center are 6% ± 6% and 9% ± 5%, respectively.

results

feAsibility of obtAining lv rotAtion PArAmeters in hcm PAtients

In 20 HCM patients (29%) image quality of the LV basal level was insufficient for 
complete STE analysis despite allowed changes in tracking point position. The LV 
apical level was excluded from analysis in 23 patients (33%) because of either the 
inability to obtain a short-axis image at the LV apical level from an intercostal space 
more caudal than the standard position (8%) or because of insufficient image quality 
(25%). Ten of 26 patients (38%) with a sigmoidal and 17 of 44 patients (39%) with 
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a reverse septal curvature were excluded. The clinical characteristics and LV dimen-
sions and function of the excluded patients were not different from the final study 
population. In 43 patients (61%) both the LV basal and apical levels were available, 
facilitating analysis of all LV rotation parameters. These LV rotation parameters in 
HCM patients (mean age 43 ± 15 year, 31 men) were compared to 43 age and gender 
matched healthy controls.

chArActeristics of the study PoPulAtion

In Table 1, the clinical and echocardiographic characteristics of the final study popu-
lation are shown. LV mass, maximal LV wall thickness, left atrial, interventricular 
septal, and LV posterior wall dimensions were increased, whereas LV end-diastolic 
and end-systolic dimensions were decreased in HCM patients as compared to 

Table 1. Clinical and echocardiographic characteristics of the final study population

HCM patients
(n = 43)

Control subjects
(n = 43)

Clinical characteristics

Age, year 43 ± 15 41 ± 13

Male, n (%) 31 (72) 31 (72)

Heart rate, beats/minute 61 ± 10 59 ± 9

Systolic blood pressure, mmHg 127 ± 18 122 ± 14

Diastolic blood pressure, mmHg 77 ± 9 75 ± 8

Echocardiographic characteristics

Left atrial size, cm 4.5 ± 0.8† 3.7 ± 0.4

IVSd, cm 2.0 ± 0.5† 1.0 ± 0.2

LVPWd, cm 1.2 ± 0.3† 1.0 ± 0.1

LV-EDD, cm 4.4 ± 0.6† 5.0 ± 0.5

LV-ESD, cm 2.5 ± 0.5† 3.4 ± 0.5

LV ejection fraction, % 60 ± 11 62 ± 7

LV mass, g 297 ± 87† 192 ± 54

Maximal LV wall thickness, cm 2.0 ± 0.5† 1.1 ± 0.2

E, cm/s 67 ± 19 71 ± 15

A, cm/s 49 ± 19 50 ± 16

E/A ratio 1.59 ± 0.80 1.55 ± 0.61

Deceleration time, ms 183 ± 57 175 ± 34

Em septal, cm/s 6.1 ± 1.8† 9.7 ± 2.1

Values are mean ± SD. HCM = hypertrophic cardiomyopathy, IVSd = interventricular septum thickness 
(diastole), LVPWd = left ventricular posterior wall thickness (diastole), LV-EDD = left ventricular end-
diastolic dimension, LV-ESD = left ventricular end-systolic dimension, E = peak early phase filling velocity, A 
= peak atrial phase filling velocity, Em = peak early diastolic wave velocity. † P <0.001 versus control subjects
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control subjects (all P <0.001). Em septal was lower in HCM patients compared to 
control subjects (6.1 ± 1.8 cm/s vs. 9.7 ± 2.1 cm/s, P <0.001).

lv rotAtion PArAmeters in hcm PAtients vs. control subjects

Compared to control subjects, HCM patients had increased basal Rotmax (-5.5° ± 
2.3° vs. -3.4° ± 1.7°, P <0.001), and comparable apical Rotmax (7.3° ± 3.1° vs. 7.0° ± 
2.2°, P = NS), resulting in increased Twistmax (12.4° ± 4.0° vs. 9.9° ± 2.7°, P <0.01). In 
a high proportion of HCM patients, counterclockwise basal Rotearly and clockwise 
apical Rotearly were absent (63% and 40% respectively), whereas in all but two control 

Table 2. Left ventricular rotation parameters in hypertrophic cardiomyopathy patients and control subjects

HCM patients  
(n = 43)

Control subjects  
(n = 43)

All Septal morphology

Sigmoidal  
(n = 16)

Reverse  
(n = 27)

Age, year 43 ± 15 40 ± 14 44 ± 12 41 ± 13

LV ejection fraction, % 60 ± 11 59 ± 11 60 ± 11 62 ± 7

LV mass, g 297 ± 87† 277 ± 65† 308 ± 99† 192 ± 54

Maximal LV wall thickness, cm 2.0 ± 0.5† 1.8 ± 0.5† 2.1 ± 0.5† 1.1 ± 0.2

LVOT obstruction, n (%) 15 (35) 9 (56)§ 6 (22) 0 (0)

Basal Rotmax, degree -5.5 ± 2.3† -5.8 ± 2.0† -5.3 ± 2.4† -3.4 ± 1.7

Basal Rotearly  absent, n (%) 27 (63) † 12 (75) † 15 (56)† 0 (0)

    degree$ 1.2 ± 0.9* 1.3 ± 0.9 1.1 ± 0.7* 1.8 ± 1.0

Apical Rotmax, degree 7.3 ± 3.1 9.4 ± 2.8**‡ 6.0 ± 2.6 7.0 ± 2.2

Apical Rotearly absent, n (%) 17 (40)† 5 (31) 12 (44) 2 (4)

    degree$ -0.4 ± 0.3** -0.5 ± 0.3 -0.4 ± 0.3* -0.9 ± 0.7

Twistmax, degree 12.4 ± 4.0** 15.3 ± 3.2†‡ 10.6 ± 3.3 9.9 ± 2.7

Time to basal Rotmax, % 93 ± 13 92 ± 11 94 ± 13 94 ± 12

Time to basal Rotearly, % 29 ± 11 24 ± 9 31 ± 11 32 ± 10

Time to apical Rotmax, % 94 ± 13 94 ± 10 93 ± 14 92 ± 12

Time to apical Rotearly, % 13 ± 5 13 ± 3 13 ± 6 15 ± 8

Time to Twistmax, % 94 ± 11 93 ± 7 95 ± 13 96 ± 7

Untwisting at 5% of diastole, % 10 ± 10* 11 ± 8 10 ± 11* 17 ± 14

Untwisting at 10% of diastole, % 25 ± 21* 28 ± 18 23 ± 23* 35 ± 21

Untwisting at 15% of diastole, % 39 ± 20* 40 ± 18 38 ± 22* 50 ± 20

Values are mean ± SD. HCM = hypertrophic cardiomyopathy, LV = left ventricular,  LVOT = left ventricular 
outflow tract, Rotmax = left ventricular peak systolic rotation during ejection, Rotearly = left ventricular early 
peak of systolic rotation during isovolumic contraction phase, Twistmax = instantaneous left ventricular 
peak systolic twist. *P <0.05, **P <0.01, †P <0.001 vs. control subjects; §P <0.05, ‡P <0.01 vs. reverse septal 
contour; $ data for patients with a present basal or apical Rotearly.
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subjects both parameters were measurable. In the HCM patients with available basal 
and apical Rotearly, reduced values were seen compared to control subjects (1.2° ± 
0.9° vs. 1.8° ± 1.0°, P <0.05 and -0.4° ± 0.3° vs. -0.9° ± 0.7°, P <0.01, respectively). 
Untwisting at 5% (10% ± 10% vs. 17% ± 14%, P <0.05), 10% (25% ± 21% vs. 35% 
± 21%, P <0.05), and 15% (39% ± 20% vs. 50% ± 20%, P <0.05) of diastole was 
decreased in HCM patients compared to control subjects (Table 2).

relAtion between the PAttern of lv hyPertroPhy And lv twist in hcm 
PAtients

According to septal morphology, HCM patients could be divided in 16 patients 
(37%) with sigmoidal septal curvature, and 27 (63%) with reverse septal curvature 
(Table 2). No difference in clinical characteristics could be identified between these 
two groups (70% vs. 74% male, mean age 40 ± 14 vs. 44 ± 12 year, both P = NS). 
However, there was a striking difference in apical Rotmax (9.4° ± 2.8° vs. 6.0° ± 2.6°, 
P <0.01) and Twistmax (15.3° ± 3.2° vs. 10.6° ± 3.3°, P <0.01) between patients with 
sigmoidal and reverse septal curvature (Figure 1), whereas the other LV rotation 
parameters were comparable. The extent of LV hypertrophy, reflected by either LV 
mass or maximal LV segmental thickness, was significantly correlated to Twistmax (r 
= -0.40, P <0.01, and r = -0.34, P <0.05, respectively). This significant negative cor-
relation of LV mass and Twistmax remained only present in the subgroup of patients 
with reverse septal curvature (r = -0.36, P <0.05), whereas this correlation was lost in 
patients with sigmoidal septal curvature (r = 0.03, P = NS). In HCM patients with 
LV outflow tract obstruction at rest, apical Rotmax and Twistmax were increased (8.7° 
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Figure 1. Schematic left ventricular systolic rotation curves (based on averaged values of peak rotation during 
the isovolumic contraction phase [from the subgroup in which these data were available] and the ejection 
phase, and the timing of these parameters) in hypertrophic cardiomyopathy (HCM) patients subdivided 
according to septal morphology, and control subjects, highlighting the differences of left ventricular apical 
peak systolic rotation during ejection in the subgroups of HCM patients. LV = left ventricle
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± 2.9° vs. 6.5° ± 3.1°, P <0.05, and 14.2° ± 4.0° vs. 11.5° ± 3.9°, P <0.05, respectively) 
whereas basal Rotmax was comparable (-5.5° ± 2.4° vs. -5.4° ± 2.2°, P = NS) compared 
to HCM patients without LV outflow tract obstruction. LV outflow tract obstruc-
tion was more often present in patients with sigmoidal septal curvature compared to 
reverse septal curvature (56% vs. 22%, respectively, P <0.05). 

discussion

The major findings of this study are 1] increased basal Rotmax in HCM patients with 
a sigmoidal or reverse septal curvature, and 2] increased apical Rotmax and Twistmax 
in HCM patients with a sigmoidal septal curvature, whereas it is normal in HCM 
patients with a reverse septal curvature.

PhenotyPe-functionAl relAtionshiP in hcm PAtients

HCM is a relatively common genetic cardiac disorder with a well known phenotypic 
and genotypic heterogeneity.10 Recently, septal morphology was linked to the under-
lying genetic substrate, and best predicted the presence of a myofilament mutation.16 
Our study is the first to relate LV rotation parameters to the phenotype of HCM, 
identifying a possible genotype-phenotype-functional relationship. Basal Rotmax 
was to a similar extent increased in HCM patients with a sigmoidal and reverse 
septal curvature. However, apical Rotmax and Twistmax were only increased in HCM 
patients with a sigmoidal septal curvature.

LV twist originates from the dynamic interaction between oppositely wound 
subepicardial and subendocardial myocardial fibre helices and has an important role 
in LV ejection and filling.17, 18 The direction of LV twist is governed by the epicardial 
fibres, mainly owing to their longer arm of movement.19 LV twist tends to equalize 
sarcomere shortening between endocardial and epicardial layers of the LV,20 thereby 
serving as a compensatory mechanism to prevent substantial transmural inhomoge-
neities of sarcomere shortening in patients with increased LV wall thickness. 

Increased basal Rotmax in HCM patients might be explained by loss of coun-
teraction of the subendocardial fibre helix, caused by endocardial ischemia due to 
microvascular dysfunction in HCM patients.21, 22 Also, larger radius differences in 
hypertrophic muscle between the subepicardium and subendocardium may increase 
the dominant action of the subepicardial fibres and increase basal Rotmax.23

The most important finding in this study is increased apical Rotmax and Twistmax 
in HCM patients with a sigmoidal septal curvature, whereas it is normal in HCM 
patients with a reverse septal curvature. Not surprisingly, apical Rotmax was increased 
in HCM patients with a sigmoidal septal curvature. In tagged MRI studies it has 
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been shown that apical Rotmax is also increased in patients with aortic stenosis.24, 25 
This may be caused by subendocardial ischemia with dysfunction of the subendo-
cardial fibres that try to rotate the apex in a clockwise direction. Another potential 
mechanism may be LV hypertrophy with an increased arm of force over which the 
subepicardial fibres work, although in HCM patients with a sigmoidal septal curva-
ture we found no correlation between LV mass or maximal LV segmental thickness 
and apical Rotmax or Twistmax. Of note, patients with a sigmoidal septal curvature 
more often had LV outflow tract obstruction. Extravascular compressive forces 
caused by these gradients may lead to microvascular dysfunction and subendocardial 
ischemia in HCM patients.22

The normal apical Rotmax in HCM patients with a reverse septal curvature is more 
difficult to explain since the above-mentioned factors that increase apical Rotmax 
are also present in these patients, although these patients less often had LV outflow 
tract obstruction. Importantly, LV rotation is also dependent on helical morphology 
and intrinsic myocardial contractility. The myofibre helix angle changes continuously 
from the subendocardium to the subepicardium, typically ranging from +60° at the 
subendocardium to -60° at the subepicardium.26 Taber et al.19 showed that Twistmax 
approximately doubles with a change in the subendocardial and subepicardial helix 
angle from +90° to +60° and -90° to -60°, respectively. In patients with a reverse septal 
curvature the helical fibre configuration will not be optimal because of the distorted 
apical morphology. Possibly, as LV hypertrophy becomes too extensive in the apical 
segments, myocardial fibre disarray becomes so encompassing that it predominates 
factors likely to increase apical Rotmax. Moreover, effectiveness of LV wall contrac-
tion depends on its curvature: the more convex towards the LV cavity the wall is, the 
less it contracts.27 This might all contribute to the relatively decreased apical Rotmax 
in HCM patients with a reverse septal curvature as compared to a sigmoidal septal 
curvature. 

 The natural history of HCM is typically variable.28 Considering the possible 
genotype-phenotype-functional relationship, classifying HCM patients according 
to LV rotation characteristics might provide subgroups of HCM patients with a less 
heterogeneous prognosis. Clinical studies are needed to test this hypothesis.

The assessment of LV diastolic function is currently based on load-dependent 
pulsed-Doppler indices of LV filling and less load-dependent tissue Doppler veloci-
ties, which only describe events occurring after mitral valve opening.29 In a recent 
study by Takeuchi et al.23 in hypertensive patients, it was shown that LV untwisting 
assessed by STE may be a novel parameter for evaluating LV relaxation. Diastolic 
dysfunction is a major pathophysiological abnormality in HCM.30 We found delayed 
untwisting to be a rather uniform characteristic of patients with HCM regardless of 
the extent and site of LV hypertrophy, which is in agreement with the results of a 
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study by Spirito and Maron investigating the relation between the extent of LV 
hypertrophy and Doppler echocardiographic indexes of LV diastolic filling in HCM 
patients.31 

STE offers novel non-invasive indices to assess LV systolic and diastolic function 
in patients with HCM. Our study showed the important influence of the pattern of 
hypertrophy on LV twist in HCM, which provides further insight into the patho-
physiology of this disease. 

comPArison with Previous studies

In previous tagged MRI studies in HCM patients, only a very limited number of 
patients was included and the results were discrepant.6, 7 Young et al.6 found increased 
basal and apical Rotmax resulting in increased Twistmax, whereas Maier et al.7 found 
reduced apical Rotmax and Twistmax. Notomi et al. described increased Twistmax in 
seven HCM patients using tissue Doppler imaging.32 Carasso et al. found higher 
circumferential and lower longitudinal strain, but normal Twistmax using velocity 
vector imaging in 72 HCM patients.33 Unfortunately, in none of these studies data 
on the site or extent of LV hypertrophy was reported. Our finding of a significant 
influence of septal morphology on apical Rotmax and Twistmax in HCM patients, can 
potentially explain previous discrepancies in reported Twistmax in HCM patients.
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abstract 

Background. Almost all hypertrophic cardiomyopathy (HCM) patients have 
some degree of left ventricular (LV) diastolic dysfunction. Nevertheless, the 
pathophysiology remains incompletely characterized. Conceptually, an ideal 
therapeutic agent should target the underlying mechanisms that cause LV dias-
tolic dysfunction. Assessment of diastolic LV untwisting could potentially be 
helpful to gain insight into the mechanism of diastolic dysfunction. The purpose 
of this study was to investigate LV untwisting in HCM patients and control 
subjects.

Methods. LV untwisting parameters were assessed by speckle tracking echocar-
diography in 75 consecutive HCM patients and compared to 75 healthy control 
subjects. 

Results. Untwisting at 5%, 10%, and 15% of diastole was lower in HCM patients 
(all P <0.001) compared to control subjects. Peak diastolic untwisting velocity 
(-92 ± 32 degrees/sec vs. -104 ± 39 degrees/sec, P <0.05) and untwisting rate 
(-37 ± 20 degrees/sec vs. -46 ± 22 degrees/sec, P <0.01) were lower, while the 
normalized time-to-peak diastolic untwisting velocity (17 ± 9 % vs. 13 ± 9 %, P 
<0.05) was higher in HCM patients. Untwisting rate was negatively correlated 
to E/A ratio (R2 = 0.15, P <0.01). Peak diastolic untwisting velocity and untwist-
ing rate were increased in mild, but decreased in moderate and severe diastolic 
dysfunction compared to control subjects. 

Conclusion. LV untwisting is delayed in HCM, which probably significantly 
contributes to diastolic dysfunction.
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introduction

Despite the heterogeneity in the phenotypic expression of hypertrophic cardiomy-
opathy (HCM), almost all HCM patients have some degree of left ventricular (LV) 
diastolic dysfunction.1 The need for objective evidence of diastolic dysfunction has 
led to an extensive search for accurate, noninvasive methods to quantify its severity.2 
Conceptually, an ideal therapeutic agent should target the underlying mechanisms 
that cause LV diastolic dysfunction. Given the complex interplay of factors causing 
diastolic dysfunction in HCM, it should not be surprising that so far no single non-
invasive measure has been validated to be accurate.3 Furthermore, currently available 
noninvasive measurements (pulsed-wave Doppler flow velocity of the LV inflow, 
pulmonary veins flow, and mitral annular velocity using tissue Doppler imaging) 
re present events that occur after mitral valve opening, thus evaluating the later stages 
of diastole. Before mitral valve opening (MVO), in the isovolumic relaxation period, 
untwist of the obliquely oriented fibres of the LV contributes to the generation of 
the intraventricular pressure gradient, which leads to LV diastolic suction, a major 
determinant of early LV filling.4 LV untwisting can be measured noninvasively using 
speckle tracking echocardiography.5, 6 The purpose of this study was to investigate 
LV untwisting in HCM patients and control subjects and to relate LV untwisting 
parameters to conventional Doppler-derived parameters of LV diastolic function.

methods

study PArticiPAnts

The study population consisted of 75 consecutive non-selected patients in sinus 
rhythm with HCM (mean age 42 ± 15 year, 54 men) and good echocardiographic 
image quality that allowed for complete segmental assessment of LV rotation at both 
the basal and apical LV level. During the enrolment of these 75 HCM patients, 31 
other patients (29%) were excluded because of suboptimal echocardiographic image 
quality not fulfilling this criterion. These patients were compared to 75 healthy - for 
age and gender matched - control subjects, without hypertension or diabetes, and 
with normal left atrial dimensions, LV dimensions, and LV systolic and diastolic 
function. HCM was characterized morphologically and defined by a hypertrophied, 
nondilated LV in the absence of another systemic or cardiac disease that is capable 
of producing the magnitude of wall thickening seen.7 By consensus reading between 
two observers, HCM patients could be subdivided into 24 patients (32%) with a 
typical sigmoidal, and 40 (53%) with a reverse septal curvature (Figure 1).8 In the 
remaining 11 patients (15%) the two observers disagreed or an atypical morphology 
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was seen. An informed consent was obtained from all subjects and the institutional 
review board approved the study. 

echocArdiogrAPhy

Two-dimensional grayscale harmonic images were obtained in the left lateral 
decubitus position using a commercially available ultrasound system (iE33, Philips, 
Best, The Netherlands), equipped with a broadband (1-5MHz) S5-1 transducer 
(frequency transmitted 1.7MHz, received 3.4MHz). All echocardiographic meas-
urements were averaged from three heartbeats. From the M-mode recordings the 
following data were acquired: LV end-diastolic septal and posterior wall thickness, 
and LV end-diastolic and end-systolic dimension. LA atrial volume was measured 
using the biplane area-length formula and indexed for body surface area. LV ejec-
tion fraction was calculated from LV volumes by the modified biplane Simpson rule. 
LV mass was assessed with the two-dimensional area-length method.9 LV outflow 
tract gradient was measured with continuous-wave Doppler in the apical 5-chamber 
view. LV outflow tract obstruction was defined as a gradient ≥ 30mmHg.10 From the 
mitral-inflow pattern, peak early (E-wave velocity) and late (A-wave velocity) filling 
velocities, E/A ratio, and E-wave velocity deceleration time were measured. Tissue 
Doppler was applied end-expiratory in the pulsed-wave Doppler mode at the level 
of the inferoseptal side of the mitral annulus from an apical 4-chamber view. To 
acquire the highest wall tissue velocities, the angle between the Doppler beam and 
the longitudinal motion of the investigated structure was adjusted to a minimal level. 
The spectral pulsed-wave Doppler velocity range was adjusted to obtain an appropri-
ate scale. The timing of the beginning and ending of the isovolumic relaxation time 
were determined using pulsed wave Doppler. HCM patients were stratified by grade 
of diastolic dysfunction (grades 1-3): grade 1, abnormal relaxation: E/A ratio < 0.75 
and E-wave velocity deceleration time > 240 ms; grade 2, pseudonormal filling: 0.75 

Sigmoidal septal curvature Reverse septal curvature

Figure 1

Chapter 12

Figure 1. Examples of a sigmoidal and reverse septal curvature.
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< E/A ratio < 1.5 and E-wave velocity deceleration time 140-200 ms; and grade 
3, restrictive filling: E/A ratio >1.5 and E-wave velocity deceleration time < 140 
ms.11, 12 In addition, all patients with diastolic dysfunction were required to have an 
E-wave velocity / peak early diastolic wave velocity of the septal mitral annulus ratio 
(E/Em ratio) of more than 8. Twenty HCM patients could not perfectly fulfill all of 
the criteria for a particular diastolic dysfunction group, and were therefore excluded 
from this part of the analysis.

To optimize speckle tracking echocardiography, images were obtained at a frame 
rate of 60 to 80 frames/s. Parasternal short-axis images at the LV basal level (showing 
the tips of the mitral valve leaflets) with the cross section as circular as possible were 
obtained from the standard parasternal position, defined as the long-axis position in 
which the LV and aorta were most in-line with the mitral valve tips in the middle of 
the sector. To obtain a short-axis image at the LV apical level (just proximal to the 
level with end-systolic LV luminal obliteration) the transducer was positioned 1 or 2 
intercostal spaces more caudal as previously described by us.13 From each short-axis 
image, three consecutive end-expiratory cardiac cycles were acquired and transferred 
to a QLAB workstation (Philips, Best, The Netherlands) for off-line analysis.

sPeckle trAcking AnAlysis

Analysis of the datasets was performed using speckle tracking echocardiography by 
QLAB Advanced Quantification Software version 6.0 (Philips, Best, The Nether-
lands), which was recently validated against magnetic resonance imaging for assess-
ment of LV twist.14 To assess LV rotation, six tracking points were placed manually 
(after gain correction) on the mid-myocardium, regardless wall thickness, on an end-
diastolic frame in each parasternal short-axis image. Tracking points were separated 
about 60° from each other and placed on 1 (30°, anteroseptal insertion into the LV 
of the right ventricle), 3 (90°), 5 (150°), 7 (210°), 9 (270°, inferoseptal insertion into 
the LV of the right ventricle), and 11 (330°) o’clock to fit the total LV circumference. 
After positioning the tracking points, the program tracked these points on a frame-
by-frame basis by use of a least squares global affine transformation. The rotational 
component of this affine transformation was then used to generate rotational profiles.

Data were exported to a spreadsheet program (Excel, Microsoft Corporation, 
Redmond, WA) to determine LV peak systolic rotation during ejection, instanta-
neous LV peak systolic twist (defined as the maximal value of instantaneous apical 
systolic rotation - basal systolic rotation), and LV untwisting at 5%, 10%, 15%, and 
50% of diastole. The degree of untwisting was expressed as a percentage of maximum 
systolic twist: untwisting = (peak systolic twist - twist at time t) / peak systolic twist 
x 100%. Furthermore, peak diastolic de-rotation velocity and untwist velocity, and 
the timing of these parameters were assessed. Untwisting rate was defined as the 
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mean diastolic untwisting velocity from peak systolic twist to MVO and calculated 
as: (twist at MVO - peak systolic twist) / time interval from peak systolic twist 
to MVO. To adjust for intra- and intersubject differences in heart rate, the time 
sequence of systolic and diastolic events was normalized to the percentage of systolic 
and diastolic duration, respectively. End-systole was defined as the point of aortic 
valve closure. In each study it was verified that the heart rate for the cardiac cycle in 
which the timing of aortic valve closure was assessed, was the same as the cardiac 
cycle used for analysis of untwisting. 

stAtisticAl AnAlysis

Measurements are presented as mean ± SD. Variables were compared using Student’s 
t test, ANOVA, or Chi-square test when appropriate. Linear regression analysis of 
peak diastolic untwisting velocity, time-to-peak diastolic untwisting velocity, and 
untwisting rate against conventional parameters of diastolic function (LA volume, 
E-wave velocity, A-wave velocity, E/A ratio, Em, and E/Em ratio) was performed. A 
P value < .05 was considered statistically significant. Intraobserver and interobserver 
variability for assessment of LV twist by speckle tracking echocardiography in our 
center are 6% ± 6% and 9% ± 5%, respectively.15

results

chArActeristics of the study PoPulAtion

In Table 1, clinical and echocardiographic characteristics of HCM patients and con-
trol subjects are shown. LA volume indexed by body surface area, LV mass, maximal 
LV wall thickness, interventricular septal, and LV posterior wall dimensions were 
higher, whereas LV end-diastolic and end-systolic dimensions were lower in HCM 
patients (all P <0.001). Furthermore, E-wave velocity (65 ± 20 cm/s vs. 72 ± 16 cm/s, 
P <0.05) and Em septal (5.6 ± 2.4 cm/s vs. 9.9 ± 2.6 cm/s, P <0.001) were lower, 
whereas E-wave velocity deceleration time (195 ± 70 ms vs. 173 ± 33 ms, P <0.05), 
E/Em ratio (13.3 ± 7.7 vs. 7.6 ± 2.0, P <0.001), and isovolumic relaxation time (84 ± 
23 ms vs. 70 ± 14 ms, P <0.001) were higher in HCM patients.

lv rotAtion And twist

HCM patients had higher basal peak systolic rotation (-5.5 ± 2.6 degrees vs. -3.6 
± 2.0 degrees, P <0.001), and comparable apical peak systolic rotation (7.0 ± 3.9 
degrees vs. 7.3 ± 2.9 degrees, P = NS), resulting in higher peak systolic twist (11.8 ± 
4.6 degrees vs. 10.4 ± 3.2 degrees, P <0.05) (Table 2). 
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lv de-rotAtion And untwisting 

HCM patients and control subjects had similar basal peak diastolic de-rotation 
velocity (59 ± 21 degrees/sec vs. 61 ± 26 degrees/sec, P = NS) and basal normalized 
time-to-peak diastolic de-rotation velocity (17 ± 12 % vs. 14 ± 8 %, P = NS). At the 
LV apical level, peak diastolic de-rotation velocity was lower (-57 ± 24 degrees/sec 
vs. -70 ± 28 degrees/sec, P <0.01), whereas the normalized time-to-peak diastolic 
de-rotation velocity (20 ± 15 % vs. 14 ± 11 %, P <0.01) was higher in HCM patients 
compared to control subjects. Untwisting at 5% (12 ± 12% vs. 21 ± 19%), 10% (23 ± 
19% vs. 37 ± 23%), and 15% (36 ± 22% vs. 49 ± 21%) of diastole was lower in HCM 
patients (all P <0.001). Peak diastolic untwisting velocity (-92 ± 32 degrees/sec vs. 

Table 1. Clinical and echocardiographic characteristics of the study population

HCM patients
(n = 75)

Control subjects
(n = 75)

Clinical characteristics

Age, year 42 ± 15 40 ± 14

Male, n (%) 54 (72) 54 (72)

Heart rate, beats/min 64 ± 11 63 ± 11

Systolic blood pressure, mmHg 126 ± 18 123 ± 14

Diastolic blood pressure, mmHg 77 ± 9 74 ± 8

Echocardiographic characteristics

Left atrial volume, mL/m2 53 ± 21† 23 ± 6

IVSd, cm 2.0 ± 0.5† 1.0 ± 0.2

LVPWd, cm 1.2 ± 0.3† 1.0 ± 0.1

LV-EDD, cm 4.5 ± 0.5† 4.9 ± 0.5

LV-ESD, cm 2.5 ± 0.5† 3.3 ± 0.6

LV ejection fraction, % 60 ± 10 61 ± 7

LV mass, g 305 ± 88† 175 ± 50

Maximal LV wall thickness, cm 2.1 ± 0.5† 1.0 ± 0.2

E-wave velocity, cm/s 65 ± 20* 72 ± 16

A-wave velocity, cm/s 52 ± 20 53 ± 17

E/A ratio 1.5 ± 0.7 1.5 ± 0.6

E-wave velocity deceleration time, ms 195 ± 70* 173 ± 33

Em septal, cm/s 5.6 ± 2.4† 9.9 ± 2.6

E/Em ratio 13.3 ± 7.7† 7.6 ± 2.0

Isovolumic relaxation time, ms 84 ± 23† 70 ± 14

HCM = hypertrophic cardiomyopathy, IVSd = interventricular septum thickness (diastole), LVPWd = left 
ventricular posterior wall thickness (diastole), LV-EDD = left ventricular end-diastolic dimension, LV-ESD 
= left ventricular end-systolic dimension, E-wave velocity = peak early phase filling velocity, A-wave velocity = 
peak atrial phase filling velocity, Em = peak early diastolic wave velocity. * P <0.05, † P <0.001 vs. control subjects
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-104 ± 39 degrees/sec, P <0.05) and untwisting rate (-37 ± 20 degrees/sec vs. -46 ± 
22 degrees/sec, P <0.01) were lower, while the normalized time-to-peak diastolic 
untwisting velocity (17 ± 9 % vs. 13 ± 9 %, P <0.05) was higher in HCM patients 
(Table 2, Figure 2).

relAtion between lv untwisting And conventionAl PArAmeters of lv 
diAstolic function in hcm PAtients

Untwisting rate correlated positively to A-wave velocity (R2 = 0.11, P <0.05), and 
negatively to E/A ratio (R2 = 0.15, P <0.01) (Figure 3), whereas no relation could 
be identified between E-wave velocity, Em, E/Em ratio or LA volume indexed by 
body surface area and any of the LV untwisting parameters. According to grade of 
diastolic dysfunction, HCM patients with an unambiguous defined grade of diastolic 

Table 2. Left ventricular rotation parameters in hypertrophic cardiomyopathy patients and control subjects

HCM patients 
(n = 75)

Control subjects
(n = 75)

All Septal morphology

Sigmoidal 
(n = 24)

Reverse 
(n = 40)

Basal rotation and de-rotation velocity

Peak systolic rotation, degrees -5.5 ± 2.6† -5.5 ± 2.4* -5.7 ± 2.6† -3.6 ± 2.0

Peak diastolic de-rotation velocity, degrees/sec 59 ± 21 58 ± 26 60 ± 18 61 ± 26

Normalized time-to-peak diastolic de-rotation velocity, % 17 ± 12 17 ± 12 17 ± 10 14 ± 8

Apical rotation and de-rotation velocity

Peak systolic rotation, degrees 7.0 ± 3.9 9.2 ± 4.2‡ 5.7 ± 3.0 7.3 ± 2.9

Peak diastolic de-rotation velocity, degrees/sec -57 ± 24$ -66 ± 22 -50 ± 23$ -70 ± 28

Normalized time-to-peak diastolic de-rotation velocity, % 20 ± 15$ 22 ± 13* 21 ± 10* 14 ± 11

Twist and untwist

Peak systolic twist, degrees 11.8 ± 4.6* 14.3 ± 5.0†‡ 10.4 ± 3.7 10.4 ± 3.2

Untwisting at 5% of diastole, % 12 ± 12† 10 ± 10* 11 ± 13* 21 ± 19

Untwisting at 10% of diastole, % 23 ± 19† 20 ± 15$ 21 ± 20$ 37 ± 23

Untwisting at 15% of diastole, % 36 ± 22† 33 ± 22$ 35 ± 21$ 49 ± 21

Untwisting at 50% of diastole, % 77 ± 15 72 ± 15 79 ± 15 78 ± 14

Peak diastolic untwisting velocity, degrees/sec -92 ± 32* -96 ± 30 -91 ± 29 -104 ± 39

Normalized time-to-peak diastolic untwisting velocity, % 17 ± 9* 18 ± 14 17 ± 6 13 ± 9

Untwisting rate from peak systolic twist to MVO, 
degrees/sec

-37 ± 20$ -46 ± 24§ -31 ± 16$ -46 ± 22

HCM = hypertrophic cardiomyopathy, MVO = mitral valve opening. *P <0.05, $P <0.01, †P <0.001 vs. 
control subjects; §P <0.05, ‡P <0.01 vs. reverse septal curvature
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dysfunction (n = 55) could be divided in 13 patients (24%) with grade 1, 36 (65%) 
with grade 2, and 6 (11%) with grade 3 diastolic dysfunction. Peak systolic twist was 
higher in HCM patients with grade 1 (13.2 ± 4.9 degrees, P <0.05), whereas it was 
normal in HCM patients with grade 2 (11.5 ± 5.0 degrees, P = NS) or 3 (11.0 ± 2.6 
degrees, P = NS) diastolic dysfunction as compared to control subjects (10.4 ± 3.2 
degrees). Peak diastolic untwisting velocity and untwisting rate were higher in grade 
1 (-119 ± 35 degrees/sec and -58 ± 27 degrees/sec, respectively), but lower in grade 
2 (-82 ± 28 degrees/sec and -30 ± 19 degrees/sec, respectively) diastolic dysfunction 
as compared to control subjects (-104 ± 39 degrees/sec and -46 ± 22 degrees/sec, 
respectively, all P <0.05) (Table 3).

relAtion between the PAttern of lv hyPertroPhy And conventionAl 
echocArdiogrAPhic PArAmeters And lv rotAtion PArAmeters

Maximal LV wall thickness was higher (2.2 ± 0.4 cm vs. 1.8 ± 0.4 cm, P <0.001), 
whereas LV outflow tract gradient was lower (15 ± 22 mmHg vs. 31 ± 25 mmHg, P 
<0.01) in HCM patients with reverse compared to sigmoidal septal curvature. Also, 
a significant LV outflow tract obstruction was less often present in the patients with 
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Figure 2Figure 2. Schematic left ventricular twist/untwist curves (based on averaged values of peak systolic twist, 
and twist at aortic valve closure, mitral valve opening, and 50% of diastole) in hypertrophic cardiomyopathy 
patients and control subjects, highlighting the differences of left ventricular peak systolic twist, untwisting 
rate, and the timing of peak untwisting velocity. HCM = hypertrophic cardiomyopathy, AVC = aortic valve 
closure, MVO = mitral valve opening.
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a reverse septal curvature (5 patients (13%) vs. 10 patients (42%), P <0.05). A-wave 
velocity (44 ± 14 cm/s vs. 68 ± 20 cm/s, P <0.001) was lower, whereas E/A ratio 
(1.7 ± 0.8 vs. 1.1 ± 0.4, P <0.01) was higher in HCM patients with a reverse septal 
curvature. Of the HCM patients, 25 (63%) with a reverse and 19 (79%, P = NS) with 
a sigmoidal septal curvature had an unambiguous defined grade of diastolic dysfunc-
tion. Grade 1 diastolic dysfunction was identified in 4 (16%) vs. 7 (37%), grade 2 in 16 
(64%) vs. 12 (63%), and grade 3 in 5 (20%) vs. 0 of the HCM patients with a reverse 
vs. sigmoidal septal curvature (all P = NS). The average grade of diastolic dysfunction 
was 1.6 ± 0.5 in HCM patients with a sigmoidal vs. 2.0 ± 0.6 in HCM patients with 
a reverse septal curvature (P <0.05). Duration of the isovolumic relaxation time was 
comparable between HCM patients with a sigmoidal and a reverse septal curvature.

There was a striking difference in apical peak systolic rotation (5.7 ± 3.0 degrees 
vs. 9.2 ± 4.2 degrees, P <0.01) and peak systolic twist (10.4 ± 3.7 degrees vs. 14.3 ± 

Table 3. Left ventricular twist and untwist in hypertrophic cardiomyopathy patients according to grade of 
diastolic dysfunction

Control subjects
(n = 75)

Grade 1
(n = 13)

Grade 2
(n = 36)

Grade 3
(n = 6)

Peak systolic twist, degrees 10.4 ± 3.2 13.2 ± 4.9* 11.5 ± 5.0 11.0 ± 2.6

Peak diastolic untwisting velocity, degrees/sec -104 ± 39 -119 ± 35* -82 ± 28*# -80 ± 27

Normalized time-to-peak diastolic untwisting velocity, % 13 ± 9 16 ± 9 17 ± 9 14 ± 8

Untwisting rate from peak systolic twist to MVO, 
degrees/sec

-46 ± 22 -58 ± 27* -30 ± 19*# -26 ± 17

MVO = mitral valve opening. Grade 1-3 represents grade of diastolic dysfunction. *P <0.05 vs. control 
subjects; #P <0.05 vs. grade 1
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Figure 3

Figure 3. Linear regression between untwisting rate and the ratio between early and active left ventricular 
filling velocity (E/A ratio).
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5.0 degrees, P <0.01) between patients with reverse and sigmoidal septal curvature, 
respectively. Furthermore, untwisting rate (-31 ± 16 degrees/sec vs. -46 ± 24 degrees/
sec, P <0.05) was lower in HCM patients with reverse septal curvature (Table 2).

discussion

Echocardiography has been used since its early days to gain insight into the com-
plex pathophysiology of HCM, because it provides a practical and comprehensive 
assessment of cardiac structure and function.16, 17 HCM is usually associated with 
alterations in LV diastolic function, whereas global systolic function is preserved 
until the later stages of the disease. In the present study delayed LV untwisting, 
reflecting ineffective diastolic uncoiling of the hypertrophic myocardium, is shown in 
HCM patients. However, HCM patients with mild or early-stage (grade 1) diastolic 
dysfunction showed more LV twist and a higher peak diastolic untwisting velocity 
and untwisting rate from peak systolic twist to MVO. 

lv untwisting Physiology

In systole, the LV apex rotates counterclockwise (as viewed from the apex), whereas 
the base rotates clockwise, creating a twisting deformation, originating from the 
dynamic interaction of oppositely oriented epicardial and endocardial myocardial 
fibres.18, 19 The direction of LV twist is governed by the epicardial fibres, mainly 
owing to their longer arm of movement.20 Untwisting starts just slightly before the 
end of systole (marked by aortic valve closure) after the peak of LV twist. The twisting 
deformation of the LV during systole results not only in ejection but also in storage of 
potential energy. During the isovolumic relaxation period the twisted fibres behave 
like a compressed coil that springs open while abruptly releasing the potential energy. 
This process may be actively supported by still depolarized subendocardial fibres that 
are – in contrast to the systolic period – now not opposed by active contraction of the 
subepicardial fibres. Untwist generates expansion of the apex and the intraventricular 
pressure gradient that helps filling the LV at a low pressure.4

lv untwisting in hcm

The current study is the first to show that LV untwisting is delayed in HCM, 
reflecting ineffective diastolic uncoiling of the hypertrophic myocardium. The higher 
peak systolic twist in HCM is supposed to store more potential energy and thereby 
lead to increased LV untwisting. However, whereas subendocardial ischemia21-23 
might be the cause of the increased peak systolic twist by loss of counteraction of 
the subendocardial fibre helix, it might also lead to loss of the active untwisting 
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normally caused by the subendocardial fibres during early diastole. Furthermore, the 
impaired compliance of the hypertrophied LV will prevent optimal transformation 
of the potential energy stored in systolic LV twisting into kinetic energy. Apparently, 
the factors impairing the process of LV untwisting in HCM outweigh potentially 
enhancing factors, leading to delayed LV untwisting. Furthermore, Takeuchi et 
al.24 found delayed LV untwisting in hypertension patients with versus without LV 
hypertrophy. It seems that LV hypertrophy per se may lead to delayed LV untwisting, 
irrespective of the cause of hypertrophy. However, in the study by Takeuchi et al., LV 
twist was not increased in hypertension patients with LV hypertrophy, in contrast 
to the HCM patients in the current study. Since LV twist and untwist are tightly 
coupled, increased LV twist in HCM may be expected to lead to preservation of LV 
untwisting. Therefore, the delayed LV untwisting found in HCM patients in the 
current study may be rather surprising. One may hypothesize that there are specific 
factors in HCM, such as the asymmetrical distribution of hypertrophy and the 
presence of myocardial fibre disarray, that lead to specific changes in LV rotational 
mechanics. Future studies, comparing hypertension patients and HCM patients with 
a similar degree of LV hypertrophy and LV twist, may be warranted in order to 
investigate the specific influence of factors related to the cause of hypertrophy on 
the successfulness of transfer of potential energy stored in systolic LV twisting to 
diastolic LV untwisting.

LV twist, untwisting rate, and peak diastolic untwisting velocity were higher in 
HCM patients with mild or early-stage (grade 1) diastolic dysfunction, and lower 
in the more advanced (grade 2-3) stages of diastolic dysfunction. These data confirm 
findings of a study by Park et al.25 in a smaller group of HCM patients with diastolic 
dysfunction, although it should be noted that grading diastolic function by echocar-
diography in HCM patients may have limited accuracy.1 Since the untwisting rate 
from peak systolic twist to MVO can be increased in the presence of impaired LV 
relaxation, untwisting rate and relaxation do not rely on a similar mechanism. It has 
been suggested that increased untwisting rate might be a compensatory mechanism, 
preventing the need to increase left atrial pressure.4, 25, 26 Failure to increase untwist-
ing rate might necessitate an increase in left atrial pressure, with the associated 
detrimental effects. 

influence of the PAttern of hyPertroPhy on lv untwisting

Because of its heterogeneous expression and clinical course,27, 28 HCM frequently 
presents uncertainty and represents a management dilemma. Creation of more homo-
geneous subgroups of HCM patients might be helpful to better predict prognosis. 
Recently, septal morphology was linked to the underlying genetic substrate, and best 
predicted the presence of a myofilament mutation.29 Furthermore, our group has 
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recently shown a phenotype-functional relationship in HCM by relating the pattern 
of hypertrophy to LV twist.30 Twistmax was higher in HCM patients with a sigmoidal 
versus a reverse septal curvature due to a higher apical Rotmax, a finding confirmed in 
the current study. This difference could not be explained by regional differences in LV 
rotation, since in HCM patients with a sigmoidal septal curvature both apical septal 
and lateral LV rotation were higher as compared to patients with a reverse septal 
curvature. The current study is the first to relate LV untwisting to septal morphol-
ogy. In HCM patients with a sigmoidal septal curvature, untwisting rate from peak 
systolic twist to MVO was normal, whereas it was decreased in HCM patients with 
a reverse septal curvature. As mentioned in the previous section, LV untwisting rate 
depends on passive properties and the amount of potential energy stored by systolic 
LV twist that can be converted into kinetic energy used for LV untwisting, and 
active properties such as the contribution of still depolarized subendocardial fibres 
in early diastole. In HCM patients with a reverse septal curvature, less systolic twist, 
impaired compliance, and subendocardial ischemia may all contribute to a reduced 
untwisting rate from peak systolic twist to MVO. On the other hand, in HCM 
patients with a sigmoidal septal curvature, the higher amount of energy stored from 
increased systolic twist seems to fully compensate for the loss of active LV untwisting 
and impaired compliance (which may also be less impaired because of the relatively 
normal apex). The findings of the current study provide insight into the pathophysi-
ology of HCM. Whether measurement of LV untwisting has any added diagnostic 
or prognostic value should be investigated in future studies.

limitations

In the current study, only patients with good echocardiographic image quality that 
allowed for complete segmental assessment of LV rotation at both the basal and 
apical LV level, were included. This inclusion criterion led to exclusion of 29% of the 
patients; a percentage in-line with previous data on the feasibility of speckle tracking 
by QLAB.15 However, this limitation may hamper the clinical implementation of 
LV untwisting. 

Direct comparison of HCM patients with hypertension or aortic stenosis patients 
may reveal the influence of specific factors related to HCM, apart from LV hyper-
trophy, on LV untwisting, such as the distribution of hypertrophy or the presence of 
myocardial fibre disarray. 

Unfortunately, there is currently no consensus on the definition of untwisting rate. 
Both Takeuchi et al.24 and Park et al.25 define untwisting rate as a mean velocity dur-
ing the isovolumic relaxation phase. However, Takeuchi et al. use the mean velocity 



C
ha

p
te

r 
12

176

from end-systolic twist to MVO, whereas Park et al. use the mean velocity from peak 
twist to MVO, the definition also used in the current study. Even more discrepantly, 
Wang et al.31 defined untwisting rate as the peak diastolic time derivative of twist. 

Finally, E/A ratio and E/Em ratio are weakly correlated to LV filling pressures 
in HCM patients.32 Therefore, conclusions drawn from the presence or absence of 
correlations between LV untwisting parameters and conventional parameters of LV 
diastolic function provided in this paper, should be taken with caution. Correlation 
of LV untwisting to invasively assessed parameters of LV diastolic function may be 
required in order to provide a definite judgement on the role of LV untwisting in LV 
diastolic function in HCM. 

conclusion

Speckle tracking echocardiography offers novel non-invasive indices to assess LV 
diastolic function. In HCM patients, delayed LV untwisting is seen, which probably 
significantly contributes to diastolic dysfunction.
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abstract

Background. To optimally exploit the potential added diagnostic and prognostic 
value of new left ventricular (LV) deformation parameters, better understanding 
of LV mechanics in aortic stenosis (AS) is warranted. We sought to determine 
a broad spectrum of LV rotation parameters in a large group of AS patients 
and age-matched healthy controls, in order to gain insight into the mechanical 
properties of the LV in AS.

Methods. The study comprised 48 AS patients with an aortic valve area <2.0 cm2 
and LV ejection fraction >50%, and 24 healthy – for age and gender matched 
– control subjects. LV peak systolic rotation (Rotmax), LV peak systolic twist 
(Twistmax), untwisting rate (mean diastolic untwisting velocity from Twistmax to 
mitral valve opening), peak diastolic untwisting velocity, and time-to-peak dias-
tolic untwisting velocity were determined by speckle tracking echocardiography.

Results. AS patients had normal basal Rotmax and increased apical Rotmax, 
resulting in increased Twistmax (13.4 ± 4.0 degree vs. 11.4 ± 2.7 degree, P <0.05). 
Apical Rotmax and Twistmax correlated significantly to echo-Doppler indicators 
of AS severity. Time-to-peak diastolic untwisting velocity was increased (20 ± 10 
% vs. 15 ± 9 %, P <0.05) and untwisting rate was decreased (-38 ± 21 degree/sec 
vs. -50 ± 28 degree/sec, P <0.01) in AS patients. 

Conclusion. Twistmax increases proportionally to the severity of AS, which 
might serve as a compensatory mechanism to maintain systolic LV function. LV 
diastolic untwist is delayed and the untwisting rate is reduced in AS. 
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introduction

The timing of aortic valve replacement in patients with severe aortic stenosis (AS) is 
based on symptoms and left ventricular (LV) ejection fraction.1 Newer LV deforma-
tion parameters, such as strain and rotation, may serve as better estimates of LV func-
tion.2 However, to optimally exploit the added value of these new parameters, better 
understanding of LV mechanics in AS is warranted. In previous tagged magnetic 
resonance imaging (MRI) studies changes in LV rotation parameters in AS patients 
have been described.3-6 However, these studies were limited by small numbers of 
patients3-6 and not for age matched control subjects.4-6 Since LV rotation parameters 
are known to be influenced by age,7, 8 this latter is a serious limitation. Speckle track-
ing echocardiography (STE) is a new imaging modality that is able to assess LV 
rotation.9, 10 The purpose of the current study was to determine a broad spectrum of 
LV rotation parameters in a large group of AS patients compared to age-matched 
healthy controls, in order to gain insight into the mechanical properties of the LV 
in AS. In addition, LV rotation parameters were correlated to echocardiographic 
indicators of AS severity. 

methods

study PArticiPAnts

The study population consisted of 48 consecutive patients (mean age 65 ± 14 year, 
26 men) referred for echocardiography because of a murmur or follow-up of known 
AS, in sinus rhythm, with an aortic valve area <2.0 cm2, normal LV ejection frac-
tion (>50%), and good echocardiographic image quality that allowed for complete 
segmental assessment of LV rotation at both the basal and apical LV level. Of these 
patients, 34 (71%) were symptomatic (dyspnoea in 24 [50%], angina in 12 [25%], 
and collapse in 1 [2%]). Mitral regurgitation was present in 17 patients (35%, mild 
14 [29%], and moderate in 3 [6%]). These patients were compared to 24 healthy – for 
age and gender matched – control subjects in sinus rhythm, without hypertension, 
diabetes, or regular use of medication for cardiovascular disease, and with normal left 
atrial dimensions, LV dimensions, LV ejection fraction and LV diastolic function for 
age (in elderly subjects >60 year an abnormal relaxation pattern was not considered 
abnormal). Control subjects were recruited from our department (personnel) or were 
family members or friends. An informed consent was obtained from all subjects and 
the institutional review board approved the study.  
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echocArdiogrAPhy

Two-dimensional grayscale harmonic images were obtained in the left lateral decu-
bitus position using a commercially available ultrasound system (iE33, Philips, Best, 
The Netherlands), equipped with a broadband (1-5MHz) S5-1 transducer (frequency 
transmitted 1.7MHz, received 3.4MHz). All echocardiographic measurements 
were averaged from three heartbeats. From the M-mode recordings the following 
data were acquired: left atrial size, LV end-diastolic anteroseptal and inferolateral 
wall thickness, and LV end-diastolic and end-systolic dimension. LV mass was 
assessed with the two-dimensional area–length method.11 LV ejection fraction was 
calculated from LV volumes by the modified biplane Simpson rule in accordance 
with the guidelines.11 From the mitral-inflow pattern, peak early (E) and late (A) 
filling velocities, E/A ratio, and E-velocity deceleration time were measured. Tissue 
Doppler was applied end-expiratory in the pulsed-wave Doppler mode at the level 
of the inferoseptal side of the mitral annulus from an apical 4-chamber view. To 
acquire the highest wall tissue velocities, the angle between the Doppler beam and 
the longitudinal motion of the investigated structure was adjusted to a minimal level. 
The spectral pulsed-wave Doppler velocity range was adjusted to obtain an appropri-
ate scale. The timing of the beginning and ending of the isovolumic relaxation time 
were determined using pulsed wave Doppler. Aortic valve areas were calculated by 
the continuity equation and also indexed by body surface areas, calculated using the 
Mosteller formula.12 The severity of aortic and mitral regurgitation was determined 
according to the guidelines.13 

To optimize STE, images were obtained at a frame rate of 60 to 80 frames/s. Para-
sternal short-axis images at the LV basal level (showing the tips of the mitral valve 
leaflets) with the cross section as circular as possible were obtained from the standard 
parasternal position, defined as the long-axis position in which the LV and aorta 
were most in-line with the mitral valve tips in the middle of the sector. To obtain a 
short-axis image at the LV apical level (just proximal to the level with end-systolic 
LV luminal obliteration) the transducer was positioned 1 or 2 intercostal spaces more 
caudal as previously described by us.14 From each short-axis image, three consecutive 
end-expiratory cardiac cycles were acquired and transferred to a QLAB workstation 
(Philips, Best, The Netherlands) for off-line analysis.

sPeckle trAcking AnAlysis

Analysis of the datasets was performed using QLAB Advanced Quantification 
Software version 6.0 (Philips, Best, The Netherlands), which was recently validated 
against MRI for assessment of LV twist.10 To assess LV rotation, six tracking points 
were placed manually (after gain correction) on the mid-myocardium on an end-
diastolic frame in each parasternal short-axis image. Tracking points were separated 
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about 60° from each other and placed on 1 (30°, anteroseptal insertion into the LV 
of the right ventricle), 3 (90°), 5 (150°), 7 (210°), 9 (270°, inferoseptal insertion into 
the LV of the right ventricle), and 11 (330°) o’clock to fit the total LV circumference.

Data were exported to a spreadsheet program (Excel, Microsoft Corporation, 
Redmond, WA) to determine LV peak systolic rotation during ejection (Rotmax), time 
to Rotmax (from R wave to Rotmax), instantaneous LV peak systolic twist (Twistmax, 
defined as the maximal value of instantaneous apical systolic rotation - basal systolic 
rotation), time to Twistmax (from R wave to Twistmax), and LV untwisting at 5%, 10%, 
15%, and 50% of diastole. The degree of untwisting was expressed as a percentage of 
maximum systolic twist: untwisting = (Twistmax - Twistt)/ Twistmax x 100%, where 
Twistt is twist at time t. Furthermore, peak systolic rotation velocity and diastolic 
de-rotation velocity, peak systolic twist velocity and diastolic untwist velocity, and the 
timing of these parameters were assessed. Normalized velocities were determined by 
correcting for Rotmax or Twistmax. Finally, untwisting rate was defined as the mean 
diastolic untwisting velocity from peak systolic twist to mitral valve opening and 
calculated as: (twist at mitral valve opening − peak systolic twist) / time interval 
from peak systolic twist to mitral valve opening. To adjust for intra- and intersubject 
differences in heart rate, the time sequence of systolic and diastolic events was nor-
malized to the percentage of systolic and diastolic duration, respectively. End-systole 
was defined as the point of aortic valve closure. In each study it was verified that heart 
rate for the cardiac cycle in which the timing of aortic valve closure was assessed, was 
the same as the cardiac cycle used for analysis of LV rotation parameters.  

stAtisticAl AnAlysis

Matching of controls and AS patients was achieved by randomly matching each 
control with two aortic stenosis patients with the same sex and age ± 5 year. Meas-
urements are presented as mean ± SD. Variables were compared using Student’s t 
test, or Chi-square test when appropriate. Kolmogorov-Smirnov test with Lilliefors 
significance correction was used for testing normality of distribution. The homo-
geneity of variance in the data for AS patients and control subjects was checked 
with Levene’s test. Relations between parameters were assessed using Pearson’s and 
Spearman’s test for parametric and nonparametric correlations. A P value < .05 was 
considered statistically significant. Intraobserver and interobserver variability for LV 
twist in our center are 6% ± 6% and 9% ± 5%, respectively.15
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results

chArActeristics of the study PoPulAtion

In Table 1, the clinical and echocardiographic characteristics of the study population 
are shown. On average, AS was moderate-to-severe with a mean jet velocity of 3.9 
± 0.9 m/s, a mean gradient of 40 ± 20 mmHg, an aortic valve area of 1.0 ± 0.5 cm2, 
and an aortic valve area indexed by body surface area of 0.43 ± 0.27 cm2/m2. Heart 
rate (67 ± 12 beats/min vs. 60 ± 11 beats/min, P <0.05), left atrial size (4.4 ± 1.0 cm 
vs. 3.8 ± 0.5 cm, P <0.01) and LV mass (234 ± 113 g vs. 163 ± 54 g, P <0.01) were 
increased in AS patients as compared to control subjects. E-wave (81 ± 30 cm/s vs. 
60 ± 11 cm/s) and A-wave (89 ± 30 cm/s vs. 69 ± 17 cm/s) velocities, the E-wave 
velocity deceleration time (237 ± 85 ms vs. 185 ± 28 ms), and the E/Em ratio (17.3 ± 

Table 1. Clinical and echocardiographic characteristics of the study population

Aortic stenosis patients (n = 48) Control subjects (n = 24)

Clinical characteristics

Age, year 65 ± 9 61 ± 7

Male, n (%) 26 (54) 13 (54)

Heart rate, beats/minute 67 ± 12* 60 ± 11

Systolic blood pressure, mmHg 137 ± 18 129 ± 15

Diastolic blood pressure, mmHg 78 ± 7 76 ± 9

Echocardiographic characteristics

Left atrial size, cm 4.4 ± 1.0† 3.8 ± 0.5

Left ventricular mass, g 234 ± 113† 163 ± 54

Left ventricular ejection fraction, % 56 ± 8 60 ± 8

E, cm/s 81 ± 30† 60 ± 11

A, cm/s 89 ± 30† 69 ± 17

E/A ratio 1.0 ± 0.5 1.1 ± 0.3

Deceleration time, ms 237 ± 85† 185 ± 28

Em septal, cm/s 5.3 ± 2.4‡ 8.0 ± 2.0

E/Em ratio 17.3 ± 9.4‡ 8.4 ± 2.2

Aortic valve

 Velocity, m/s 3.9 ± 0.9‡ 1.3 ± 0.3

 Mean gradient, mmHg 40 ± 20‡ 4 ± 2

 Valve area, cm2 1.0 ± 0.5‡ 3.0 ± 0.4

 Valve area indexed by BSA, cm2/m2 0.43 ± 0.27‡ 1.58 ± 0.23

 Regurgitation grade (1-4), mean 1.1 ± 0.9‡ 0.0 ± 0.0

Values are means ± SD. E = peak early phase filling velocity, A = peak atrial phase filling velocity, Em = peak 
early diastolic wave velocity, BSA = body surface area. *P <0.05, †P <0.01, ‡P <0.001 versus control subjects
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9.4 vs. 8.4 ± 2.2) were increased in AS patients as well (all P <0.01), whereas the E/A 
ratio (1.0 ± 0.5 vs. 1.1 ± 0.3) was comparable (P = NS). 

systolic lv rotAtion PArAmeters 

AS patients had normal basal Rotmax (-3.8 ± 2.3 degree vs. -3.9 ± 1.6 degree, P = NS), 
and increased apical Rotmax (9.7 ± 2.5 degree vs. 7.5 ± 2.2 degree, P <0.001), resulting 
in increased Twistmax (13.4 ± 4.0 degree vs. 11.4 ± 2.7 degree, P <0.05) (Figure 1). 
Apical peak systolic rotation velocity (67 ± 18 degree/sec vs. 52 ± 11 degree/sec, P 
<0.001) and peak systolic twist velocity (82 ± 24 degree/sec vs. 69 ± 17 degree/sec, 
P <0.05) were increased in AS patients, although these differences were lost when 
the velocities were normalized for apical Rotmax (7.4 ± 3.2 sec-1 vs. 7.9 ± 3.0 sec-1, 
P = NS) and Twistmax (6.7 ± 1.7 sec-1 vs. 6.4 ± 1.0 sec-1, P = NS), respectively. The 
time-to-peak systolic twist velocity was decreased in AS patients (45 ± 14 % vs. 55 ± 
11 %, P <0.01) (Table 2).

diAstolic lv rotAtion PArAmeters 

AS patients had decreased untwisting at 10% (22 ± 15 % vs. 30 ± 13 %, P <0.05) 
and 15% (32 ± 18 % vs. 43 ± 17 %, P <0.05) of diastole. Furthermore, AS patients 
had normal basal peak diastolic de-rotation velocity (56 ± 19 degree/sec vs. 50 ± 13 
degree/sec, P = NS), and increased apical peak diastolic de-rotation velocity (-81 ± 
27 degree/sec vs. -63 ± 23 degree/sec, P <0.01), resulting in increased peak diastolic 
untwisting velocity (-101 ± 26 degree/sec vs. -88 ± 22 degree/sec, P <0.05). However, 
again these differences were lost when apical peak diastolic de-rotation velocity and 
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Figure 1. Peak systolic left ventricular rotation and twist. 
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peak diastolic untwisting velocity were normalized for apical Rotmax (-9.4 ± 5.2 sec-1 
vs. -9.1 ± 3.6 sec-1, P = NS) and Twistmax (-8.3 ± 2.9 sec-1 vs. -8.7 ± 2.4 sec-1, P = NS), 
respectively. The time-to-peak apical diastolic de-rotation velocity (22 ± 13 % vs. 11 
± 7 %, P <0.001) and time-to-peak diastolic untwisting velocity (20 ± 10 % vs. 15 ± 
9 %, P <0.05) were increased in AS patients. Untwisting rate was decreased in AS 
patients (-38 ± 21 degree/sec vs. -50 ± 28 degree/sec, P <0.01) (Table 3).

relAtions of lv rotAtion PArAmeters to echocArdiogrAPhic indicAtors 
of As severity 

Apical Rotmax and Twistmax correlated positively to aortic valve jet velocity (R2 = 
0.22, and R2 = 0.21, respectively, both P <0.01) and mean gradient (R2 = 0.19, and 
R2 = 0.20, respectively, both P <0.01), negatively to aortic valve area (R2 = 0.30, and 
R2 = 0.27, respectively, both P <0.001), and aortic valve area indexed by body surface 
area (R2 = 0.34, and R2 = 0.30, respectively, both P <0.001) (Figure 2). To investigate 

Table 2. Systolic left ventricular rotation parameters in aortic stenosis patients and control subjects

Aortic stenosis patients (n = 48) Control subjects (n = 24)

Left ventricular basal level

Rotmax, degree -3.8 ± 2.3 -3.9 ± 1.6

Peak systolic rotation velocity, degree/sec -45 ± 14 -42 ± 10

 Normalized peak systolic rotation velocity, sec-1 10.7 ± 5.0 11.4 ± 2.4

Time to Rotmax, % 92 ± 13 94 ± 12

Time-to-peak systolic rotation velocity, % 46 ± 18 48 ± 10

Left ventricular apical level

Rotmax, degree 9.7 ± 2.5‡ 7.5 ± 2.2

Peak systolic rotation velocity, degree/sec 67 ± 18‡ 52 ± 11

 Normalized peak systolic rotation velocity, sec-1 7.4 ± 3.2 7.9 ± 3.0

Time to Rotmax, % 96 ± 8 95 ± 5

Time-to-peak systolic rotation velocity, % 47 ± 18 51 ± 14

Left ventricular twist

Twistmax, degree 13.4 ± 4.0* 11.4 ± 2.7

Peak systolic twist velocity, degree/sec 82 ± 24* 69 ± 17

 Normalized peak systolic twist velocity, sec-1 6.7 ± 1.7 6.4 ± 1.0

Time to Twistmax, % 97 ± 6 97 ± 5

Time-to-peak systolic twist velocity, % 45 ± 14† 55 ± 11

Values are means ± SD. Normalized rotation and twist velocities adjusted for Rotmax and Twistmax, 
respectively. Time to peak as a percentage of duration of systole. Rotmax = left ventricular peak systolic 
rotation during ejection, Twistmax = instantaneous left ventricular peak systolic twist. *P <0.05, †P <0.01, ‡P 
<0.001 versus control subjects
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the influence of the bimodally distributed patients group (relatively many patients 
had either severe or very mild AS) on these correlations, a separate analysis was 
performed in AS patients with an aortic valve area <1.5 cm2. In this subgroup, all 
relationships remained identifiable (all P <0.05). The only velocity parameter that 
was related to echocardiographic indicators of AS severity, was the time-to-peak 
apical de-rotation velocity (positively to aortic valve jet velocity [R2 = 0.24, P <0.01], 
and aortic valve mean gradient [R2 = 0.18, P <0.05], and negatively to aortic valve 
area [R2 = 0.20, P <0.01] and aortic valve area indexed by body surface area [R2 = 
0.22, P <0.01]). 

mutuAl relAtions of lv rotAtion PArAmeters 

Basal and apical Rotmax correlated positively to basal (R2 = 0.61, P <0.001) and apical 
(R2 = 0.46, P <0.001) peak systolic rotation velocity, respectively, and to basal (R2 
= 0.34, P <0.01) and apical (R2 = 0.24, P <0.01) peak diastolic de-rotation velocity, 
respectively. Twistmax correlated positively to peak systolic twist velocity (R2 = 0.63, P 
<0.001) and peak diastolic untwisting velocity (R2 = 0.45, P <0.001). 

Table 3. Diastolic left ventricular rotation parameters in aortic stenosis patients and control subjects 

Aortic stenosis patients (n = 48) Control subjects (n = 24)

Left ventricular basal level

Peak diastolic de-rotation velocity, degree/sec 56 ± 19 50 ± 13

 Normalized peak diastolic de-rotation velocity, sec-1 -12.6 ± 10.1 -12.6 ± 4.3

Time-to-peak diastolic de-rotation velocity, % 23 ± 14 17 ± 10

Left ventricular apical level

Peak diastolic de-rotation velocity, degree/sec -81 ± 27† -63 ± 23

 Normalized peak diastolic de-rotation velocity, sec-1 -9.4 ± 5.2 -9.1 ± 3.6

Time-to-peak diastolic de-rotation velocity, % 22 ± 13‡ 11 ± 7

Left ventricular untwist

Untwisting at 5% of diastole, % 12 ± 8 14 ± 6

Untwisting at 10% of diastole, % 22 ± 15* 30 ± 13

Untwisting at 15% of diastole, % 32 ± 18* 43 ± 17

Untwisting at 50% of diastole, % 68 ± 14 70 ± 10

Peak diastolic untwisting velocity, degree/sec -101 ± 26* -88 ± 22

 Normalized peak diastolic untwisting velocity, sec-1 -8.3 ± 2.9 -8.7 ± 2.4

Time-to-peak diastolic untwisting velocity, % 20 ± 10* 15 ± 9

Untwisting rate, degree/sec -38 ± 21† -50 ± 28

Values are means ± SD. Normalized de-rotation and untwist velocities adjusted for Rotmax and Twistmax, 
respectively. Time-to-peak as a percentage of the duration of diastole. *P <0.05, †P <0.01, ‡P <0.001 versus 
control subjects
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discussion

This study sought to assess a broad spectrum of LV rotation parameters in a large 
group of AS patients compared to age-matched healthy controls and to correlate 
these parameters to echocardiographic indicators of AS severity. The main findings 
of this study are, 1) Twistmax is increased in AS, driven by increased apical Rotmax, 
2) this increased Twistmax may facilitate maintenance of peak diastolic untwisting 
velocity, although overall untwisting is delayed and untwisting rate is decreased, and 
3) apical Rotmax and Twistmax are related to the severity of AS.

systolic lv rotAtion in As

LV twist is caused by the dynamic interaction between oppositely oriented subepi-
cardial and subendocardial myocardial fibre helices and has an important role in LV 
ejection.16 The direction of LV twist is governed by the subepicardial fibres, mainly 
owing to their longer arm of movement.17 Subendocardial ischemia has long been 
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Figure 2. Linear regressions between aortic valve area or aortic valve area indexed by body surface area and 
left ventricular peak systolic apical rotation and twist.
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recognized as an early sign of myocardial suffering from pressure overload caused by 
AS.18, 19 Apical Rotmax and Twistmax were increased in AS patients, possibly because 
subendocardial ischemia diminishes the counteraction of the subendocardial myo-
fibres. Subendocardial contractile dysfunction is expected to lead to increased basal 
Rotmax as well, supported by findings in a previous study in which increased basal 
Rotmax was found in hypertrophic cardiomyopathy patients.20 The lack of increased 
basal Rotmax in the current study may be explained by stiffening of the atrioventricu-
lar valvular plane that might prevent basal Rotmax to increase. 

The current study is the first to relate LV rotation parameters to echocardio-
graphic indicators of AS severity. Apical Rotmax and Twistmax correlated positively 
to aortic valve jet velocity and mean gradient, and negatively to aortic valve area and 
aortic valve area indexed by body surface area. This underlines the potential role of 
subendocardial ischemia as the cause of increased apical Rotmax and Twistmax in AS 
since the severity of subendocardial ischemia is known to be related to the severity 
of AS.21 We have previously shown that septal and lateral mitral annular velocities 
are reduced in patients with severe AS and normal LV ejection fraction.22 Increased 
Twistmax may serve as a compensatory mechanism to balance loss of LV myocardial 
contraction in other directions due to subendocardial ischemia. LV apical rotation, 
and in particular changes within one patient, may therefore provide an easy assess-
able marker of subendocardial ischemia. 

In previous tagged MRI studies increased Twistmax in AS patients has also been 
described.3-6 However, these studies were limited by small numbers of patients3-6 
and not for age-matched control subjects.4-6 It is well known that LV rotation 
parameters are influenced by age,7, 8 so this latter is a serious limitation not present 
in our study. In other small tagged MRI studies, LV rotation parameters before and 
after aortic valve replacement were investigated.23, 24 Sandstede et al.23 found that 
the compensating increased Twistmax in AS patients declined with increasing LV 
hypertrophy and dilatation, and that aortic valve replacement led to normalization 
of Twistmax. The former may be a surprising finding since increasing LV hypertrophy 
would be expected to be accompanied by increasing subendocardial ischemia and a 
larger difference in lever arms between the subendocardial and subepicardial fibres, 
leading to a further increase in Twistmax. Sandstede et al. explained their finding by 
suggesting a reverse mechanism in which a smaller degree of compensating increased 
Twistmax might result in more LV hypertrophy and dilatation. Biederman et al.24 
investigated the role of coronary artery disease and found that independent of the 
presence of concomitant coronary artery disease, Twistmax decreased after aortic valve 
replacement.
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diAstolic lv rotAtion in As

The LV myocardium adapts to increased pressure overload due to AS by hypertrophy 
of individual myocytes. In addition, this pathological hypertrophy is accompanied by 
interstitial and perivascular fibrosis, and thickening of the media of intramyocardial 
coronary arteries.25 Each of these factors in turn contributes to diastolic dysfunction 
commonly seen in AS patients.26, 27 In our study, LV untwist was delayed and the 
untwisting rate was reduced. 

Normally, over 40% of diastolic LV untwisting has been completed after the first 
15% of diastole, which contributes to the large pressure decrease during the isovolu-
mic relaxation phase.28, 29 This early, rapid LV untwisting process may be supported 
by active and passive mechanisms. There is a temporal dispersion in endocardial and 
epicardial repolarization, with in early diastole still depolarized endocardial fibres (as 
opposite to the already repolarized epicardial fibres) that will actively untwist the LV 
(normally the action of these fibres are, as mentioned in the previous section, over-
ruled by the epicardial fibres). Furthermore, high levels of stored potential energy 
from the active systolic twist are transformed into kinetic energy, adding a passive 
component to rapid early diastolic untwisting.30 Subendocardial ischemia in AS 
patients may lead to loss of the active part of diastolic untwisting and the relaxation 
abnormality seen in AS patients may further compromise LV untwisting, evidenced 
by delayed and reduced early (and thus overall) LV untwisting. Surprisingly, peak 
diastolic untwisting velocity was higher in AS patients. This may be explained by the 
increased potential energy stored in the more twisted LV that will be released after 
all. This may lead to increased, but delayed, peak diastolic untwisting velocity, that 
may serve as a compensatory mechanism to help LV filling. 

conclusion

Twistmax is increased in AS patients, proportionally to the severity of LV outflow 
obstruction. This increased Twistmax might serve as a compensatory mechanism to 
maintain systolic function in the pressure overloaded LV. Conversely, LV untwist is 
delayed and the untwisting rate is reduced. However, the increase in Twistmax may 
cause an (although delayed) increase in peak diastolic untwisting velocity that may 
partially compensate for the decrease in untwisting rate.
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abstract

Background. Angina and an electrocardiographic strain pattern are potential 
manifestations of subendocardial ischemia in aortic stenosis (AS). Left ventricu-
lar (LV) twist is known to increase proportionally to the severity of AS, which 
may be a result of loss of the inhibiting effect of the subendocardial fibres due to 
subendocardial dysfunction. It has also been shown that the ratio of LV twist to 
circumferential shortening of the endocardium (twist-to shortening ratio, TSR) 
is a reliable parameter of subendocardial dysfunction. The aim of the present 
study was to investigate whether these markers are increased in AS patients with 
angina and/or strain.

Methods. The study comprised 60 AS patients with an aortic valve area <2.0 cm2 
and LV ejection fraction >50%, and 30 healthy – for age and gender matched 
– control subjects. LV rotation parameters were determined by speckle tracking 
echocardiography. 

Results. Compared to control subjects, AS patients had comparable peak systolic 
LV basal rotation and increased peak systolic LV apical rotation, resulting in 
increased peak systolic LV twist (13.6 ± 4.2 vs. 11.4 ± 3.1 degree, P <0.01). 
Comparison of patients without angina and strain (n = 22), with either angina 
or strain (n = 28), and with both angina and strain (n = 8), showed highest peak 
systolic LV apical rotation (9.2 ± 3.2 vs. 10.5 ± 3.2 vs. 13.0 ± 3.4 degree, P <0.05), 
peak systolic LV twist (12.1 ± 4.2 vs. 14.0 ± 4.4 vs. 19.1 ± 5.1 degree, P <0.001), 
and TSR (0.5 ± 0.2 vs. 0.7 ± 0.3 vs. 0.8 ± 0.3 degree / %, P <0.001), in patients 
with more signs of subendocardial ischemia. In a multivariate linear regression 
model only severity of AS and the presence of angina and/or strain could be 
identified as independent predictors of peak systolic LV twist and TSR (both P 
<0.05).

Conclusion. Peak systolic LV twist and TSR are higher in AS patients and 
related to the severity of AS and symptoms (angina) or electrocardiographic 
signs (strain) compatible with subendocardial ischemia.
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introduction

Angina in aortic stenosis (AS) patients with normal coronary arteries is most likely 
a result of subendocardial ischemia, caused by increased myocardial oxygen demand 
and increased systolic impedance to coronary flow as a result of perivascular com-
pression and a reduction in diastolic perfusion time.1 Identification of subendocar-
dial ischemia is important because it may ultimately lead to subendocardial fibrosis 
and other structural changes that are likely to influence the patient’s morbidity 
and mortality.2 Another potential manifestation of subendocardial ischemia is an 
electrocardiographic strain pattern. Strain has been associated with adverse events 
in a variety of populations,3-5 and an electrocardiogram is recommended yearly 
in the asymptomatic adolescent or young adult with moderate to severe AS.6 The 
pathophysiology of strain remains incompletely understood, although it has been 
linked to increased LV mass and myocardial oxygen demand.7, 8 Unfortunately, strain 
is not very sensitive to identify subendocardial ischemia.9 Therefore, a search for a 
reliable noninvasive quantitative tool able to assess subendocardial ischemia seems 
warranted.

Left ventricular (LV) twist results from the dynamic interaction of counteract-
ing muscle fibres arranged in subendocardial and subepicardial spiral loops.10 The 
direction of LV twist is governed by the subepicardial fibres, mainly owing to their 
longer arm of movement (Figure 1).11 Recently, our group has shown that LV twist 
increases proportionally to the severity of AS, which may be a result of a complete 

Figure 1

Chapter 14

Figure 1. Left ventricular twist results from the dynamic interaction of counteracting muscle fibres arranged in 
subendocardial (light grey dotted line) and subepicardial (dark grey line) spiral loops. The direction of LV twist 
(arrows) is governed by the subepicardial fibres, mainly owing to their longer arm of movement (black lines).
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or partial loss of the inhibiting effect of the subendocardial fibres due to subendo-
cardial dysfunction. It has also been shown by others that the ratio of LV twist to 
circumferential shortening of the endocardium (twist-to shortening ratio, TSR) is a 
reliable parameter of subendocardial dysfunction.12-15 The aim of the present study 
was to investigate whether these markers are increased in AS patients with angina 
and/or strain.

methods

study PArticiPAnts

The study population consisted of 60 AS patients (mean age 66 ± 15 year, 32 men) 
referred for echocardiography because of a murmur or follow-up of known AS, in 
sinus rhythm, with an aortic valve area <2.0 cm2, normal LV ejection fraction (>50%), 
and good echocardiographic image quality that allowed for complete segmental 
assessment of LV rotation at both the basal and apical LV level. The presence of 
coronary artery disease was determined by coronary angiography in a subgroup of 
patients (n = 48). AS patients were compared to 30 healthy – for age and gender 
matched – control subjects in sinus rhythm, without hypertension, diabetes, or regu-
lar use of medication for cardiovascular disease, and with normal left atrial dimen-
sions, LV dimensions, and LV ejection fraction. Control subjects were recruited 
from our department (personnel) or were family members or friends. All subjects 
gave informed consent and the institutional review board approved the study. An 
electrocardiographic ‘strain pattern’ was defined as high lateral precordial voltages 
in association with ST-T-depression in V5-V6.5, 16 In case of a left bundle branch 
block, electrocardiographic strain could not be determined.

echocArdiogrAPhy

Two-dimensional grayscale harmonic images were obtained in the left lateral 
decubitus position using a commercially available ultrasound system (iE33, Philips, 
Best, The Netherlands), equipped with a broadband (1-5MHz) S5-1 transducer 
(frequency transmitted 1.7MHz, received 3.4MHz). All echocardiographic meas-
urements were averaged from three heartbeats. From the M-mode recordings the 
following data were acquired: left atrial size, LV end-diastolic anteroseptal and 
inferolateral wall thickness, and LV end-diastolic and end-systolic dimension. LV 
mass was assessed with the two-dimensional area–length method.17 LV ejection 
fraction was calculated from LV volumes by the modified biplane Simpson rule in 
accordance with the guidelines.17 From the mitral-inflow pattern, peak early (E) and 
late (A) filling velocities, E/A ratio, and E-velocity deceleration time were measured. 



Assessment of subendocardial ischemia in aortic stenosis 197

Tissue Doppler was applied end-expiratory in the pulsed-wave Doppler mode at the 
level of the inferoseptal side of the mitral annulus from an apical 4-chamber view. 
To acquire the highest wall tissue velocities, the angle between the Doppler beam 
and the longitudinal motion of the investigated structure was adjusted to a minimal 
level. The spectral pulsed-wave Doppler velocity range was adjusted to obtain an 
appropriate scale. Aortic valve areas were calculated by the continuity equation and 
also indexed by body surface areas, calculated using the Mosteller formula.18 The 
severity of aortic regurgitation was determined according to the guidelines.19 

To optimize STE, images were obtained at a frame rate of 60 to 80 frames/s. Para-
sternal short-axis images at the LV basal level (showing the tips of the mitral valve 
leaflets) with the cross section as circular as possible were obtained from the standard 
parasternal position, defined as the long-axis position in which the LV and aorta 
were most in-line with the mitral valve tips in the middle of the sector. To obtain a 
short-axis image at the LV apical level (just proximal to the level with end-systolic 
LV luminal obliteration) the transducer was positioned 1 or 2 intercostal spaces more 
caudal as previously described by us.20 From each short-axis image, three consecutive 
end-expiratory cardiac cycles were acquired and transferred to a QLAB workstation 
(Philips, Best, The Netherlands) for off-line analysis.

sPeckle trAcking AnAlysis

Analysis of the datasets was performed using QLAB Advanced Quantification 
Software version 6.0 (Philips, Best, The Netherlands), which was recently validated 
against magnetic resonance imaging for assessment of LV twist.21 To assess LV 
rotation, six tracking points were placed manually (after gain correction) on the mid-
myocardium (to assess endocardial circumferential shortening on the endocardium) 
on an end-diastolic frame in each parasternal short-axis image. Tracking points were 
separated about 60° from each other and placed on 1 (30°, anteroseptal insertion 
into the LV of the right ventricle), 3 (90°), 5 (150°), 7 (210°), 9 (270°, inferoseptal 
insertion into the LV of the right ventricle), and 11 (330°) o’clock to fit the total LV 
circumference.

Data were exported to a spreadsheet program (Excel, Microsoft Corporation, 
Redmond, WA) to determine LV peak systolic rotation during the isovolumic 
relaxation phase (Rotearly), LV peak systolic rotation during ejection (Rotmax), and 
instantaneous LV peak systolic twist (Twistmax, defined as the maximal value of 
instantaneous apical systolic rotation - basal systolic rotation). Finally, twist-to-
shortening ratio (TSR) was calculated as mean DLV twist / Dmean of LV basal and 
apical endocardial circumferential shortening during ejection (Figure 2).22
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stAtisticAl AnAlysis

Matching of controls and AS patients was achieved by randomly matching each 
control with two aortic stenosis patients with the same sex and age ± 5 year. Meas-
urements are presented as mean ± SD. Variables were compared using Student’s t 
test, Chi-square test, or ANOVA when appropriate. Kolmogorov-Smirnov test with 
Lilliefors significance correction was used for testing normality of distribution. The 
homogeneity of variance in the data for AS patients and control subjects was checked 
with Levene’s test. Relations between parameters were assessed using Pearson’s and 
Spearman’s test for parametric and nonparametric correlations. ANCOVA was used 

Table 1. Characteristics of the study population

Aortic stenosis patients (n = 60) Control subjects (n = 30)

Clinical characteristics

Age, year 66 ± 15 61 ± 14

Male, n (%) 32 (53) 16 (53)

Heart rate, beats per minute 67 ± 12† 60 ± 11

Systolic blood pressure, mmHg 138 ± 17 130 ± 14

Diastolic blood pressure, mmHg 77 ± 7 76 ± 9

Dyspnea / Angina / Collaps, n (%) 33 (55)‡ / 15 (25)† / 2 (3) 0 / 0 / 0

Coronary artery disease, n (%)$ 20 (42) 0

Electrocardiographic characteristics

Right bundle branch block, n (%) 5 (8) 0 

Left bundle branch block, n (%) 2 (3) 0 

Strain pattern, n (%)$$ 23 (40%)‡ 0 

Echocardiographic characteristics

Left atrial size, cm 4.3 ± 0.9† 3.9 ± 0.4

Left ventricular mass, g 224 ± 108† 165 ± 51

E/A ratio 1.1 ± 0.6 1.0 ± 0.2

Deceleration time, ms 231 ± 85* 192 ± 26

E/Em ratio 17.0 ± 9.3‡ 7.9 ± 3.4

Aortic valve

 Velocity, m/s 3.8 ± 0.9‡ 1.2 ± 0.3

 Mean gradient, mmHg 40 ± 19‡ 4 ± 2

 Valve area, cm2 0.9 ± 0.5‡ 3.0 ± 0.3

 Valve area indexed by BSA, cm2/m2 0.4 ± 0.2‡ 1.6 ± 0.2

 Regurgitation grade (1-4), mean 1.1 ± 0.9‡ 0.0 ± 0.0

$ Data for 48 patients with available coronary angiography. $$ Strain pattern in 58 patients without left 
bundle branch block. E = peak early phase filling velocity, A = peak atrial phase filling velocity, Em = peak 
early diastolic wave velocity, BSA = body surface area. *P <0.05, †P <0.01, ‡P <0.001 versus control subjects
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to analyze the association between LV twist or TSR and angina and/or an electrocar-
diographic strain after adjusting for potential confounding variables, including age, 
LV mass, coronary artery disease, and severity of AS. A P value < .05 was considered 
statistically significant. Intraobserver and interobserver variability for LV twist in our 
center are 6% ± 6% and 9% ± 5%, respectively.23

results

chArActeristics of the study PoPulAtion

In Table 1, the clinical and echocardiographic characteristics of the study population 
are shown. On average, AS was moderate-to-severe with a mean jet velocity of 3.8 
± 0.9 m/s, a mean gradient of 40 ± 19 mmHg, an aortic valve area of 0.9 ± 0.5 cm2, 
and an aortic valve area indexed by body surface area of 0.4 ± 0.2 cm2/m2. Symptoms 
of either dyspnea (33 [55%]), angina (15 [25%]), or collaps (2 [3%]) were present in 
37 (62%) AS patients. A right or left bundle branch block was identified in 5 (8%) 
and 2 (3%) AS patients, respectively. In 23 (43%) out of 58 AS patients without a left 
bundle branch block, a strain pattern could be identified. 

lv rotAtion PArAmeters in As PAtients And control subjects

Compared to control subjects, AS patients had comparable basal Rotmax (-3.7 ± 3.1 
vs. -4.0 ± 1.9 degree, P = NS), and increased apical Rotmax (10.2 ± 3.4 vs. 8.0 ± 2.2 
degree, P < 0.01), resulting in increased Twistmax (13.6 ± 4.2 vs. 11.4 ± 3.1 degree, 
P <0.01). In a high proportion of AS patients, counterclockwise basal Rotearly and 
clockwise apical Rotearly were absent (65% and 47% respectively), whereas in all but 

Table 2. Left ventricular rotation parameters in aortic stenosis patients and control subjects

Aortic stenosis patients 
(n = 60)

Control subjects 
(n = 30)

Basal Rotmax, degree -3.7 ± 3.1 -4.0 ± 1.9

Basal Rotearly  absent, n (%) 39 (65) ‡ 0 (0)

    degree$ 0.8 ± 0.6* 1.1 ± 0.4

Apical Rotmax, degree 10.2 ± 3.4† 8.0 ± 2.2

Apical Rotearly absent, n (%) 28 (47) ‡ 1 (3)

    degree$ -0.5 ± 0.6* -0.8 ± 0.5

Twistmax, degree 13.6 ± 4.2† 11.4 ± 3.1

Twist-to-shortening ratio, degree / % 0.6 ± 0.3† 0.4 ± 0.1

$ Data for patients with a present basal or apical Rotearly. Rotmax = left ventricular peak systolic rotation during 
ejection, Rotearly = left ventricular early peak of systolic rotation during isovolumic contraction phase, Twistmax 
= instantaneous left ventricular peak systolic twist. *P <0.05, †P <0.01, ‡P <0.001 versus control subjects
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one control subjects both parameters were measurable (P <0.001). In the AS patients 
with available basal and apical Rotearly, reduced values were seen compared to control 
subjects (0.8 ± 0.6 vs. 1.1 ± 0.4 degree, and -0.5 ± 0.6 vs. -0.8 ± 0.5 degree, respectively, 
both P <0.05). TSR was increased in AS patients (0.6 ± 0.3 vs. 0.4 ± 0.1 degree / %, P 
<0.01) (Table 2, Figure 2). Furthermore, TSR was related to apical Rotmax (R2 = 0.37, 
P <0.01) and Twistmax (R2 = 0.39, P <0.01). 

relAtion of AnginA, electrocArdiogrAPhic strAin, And lv rotAtion 
PArAmeters to other clinicAl chArActeristics

Patients were subdivided into 3 groups according to the presence of angina and strain 
(both angina and strain absent, n = 22; either angina or strain present, n = 28; both 

End-diastolic End-systolic; normal End-systolic; aortic stenosis

Decreased circumferential shortening  (             )

Decreased shortening subendocardial oblique fibres  (                )

Normal shortening subepicardial oblique fibres  (   )

Increased apical rotation  increased twist (                      )

Increased Twist-to-shortening ratio

Figure 2
Figure 2. Twist-to-shortening ratio is determined by the ratio of left ventricular twist and subendocardial 
shortening. In the normal heart, systolic endocardial circumferential shortening (black dotted line) is 
accompanied by shortening of oblique subepicardial (dark grey line) and subendocardial (light grey dotted 
line) myofibres. Because of their longer lever arms, the subepicardial fibres dominate and lead to left 
ventricular apical rotation and twist in a counterclockwise direction (arrow). In aortic stenosis patients 
subendocardial contractile dysfunction may lead to decreased systolic endocardial circumferential shortening 
(black dotted line), and loss of counteracting shortening of subendocardial oblique fibres (light grey dotted 
line). The latter will lead to increased left ventricular apical rotation and twist (arrow), which, together with 
the decreased endocardial circumferential shortening, will lead to an increased twist-to-shortening ratio in 
aortic stenosis patients.
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angina and strain present, n = 8; patients with left bundle branch block excluded, 
n = 2) (Table 3). Age and the presence of coronary artery disease were comparable 
between AS patients with or without angina and/or strain. Conversely, LV mass 
was increased in patients with both angina and strain (276 ± 95 g) as compared to 
patients with either angina or strain (233 ± 83 g) and patients without angina and 
strain (184 ± 41 g, P <0.01). Furthermore, comparison of these groups, revealed a 
trend toward higher aortic valve velocity and gradient and a significant smaller aortic 
valve area in patients with more signs of subendocardial ischemia (P <0.05). 

LV mass was not related to any of the LV rotation parameters in AS, whereas age 
was only significantly related to TSR (R2 = 0.19, P <0.05). Investigation of the 48 
AS patients with available coronary angiography did not reveal any differences in LV 
rotation parameters between patients with (n = 23) and without (n = 25) coronary 
artery disease. Apical Rotmax, Twistmax, and TSR correlated positively to aortic valve 
jet velocity (R2 = 0.20, R2 = 0.19, and R2 = 0.22, respectively, all P <0.01) and mean 
gradient (R2 = 0.18, R2 = 0.18, and R2 = 0.19, respectively, all P <0.01), and negatively 
to aortic valve area (R2 = 0.28, R2 = 0.26, and R2 = 0.25, respectively, all P <0.001) and 
aortic valve area indexed by body surface area (R2 = 0.30, R2 = 0.29, R2 = 0.19, and 
R2 = 0.29, respectively, all P <0.001). 

relAtion of AnginA And electrocArdiogrAPhic strAin to lv rotAtion 
PArAmeters in As PAtients

Comparison of patients without angina and strain, with either angina or strain, and 
with both angina and strain, showed highest apical Rotmax, Twistmax, and TSR, and 
lowest Rotearly in patients with more signs of subendocardial ischemia (Table 3). 

multivAriAte AnAlysis

In a multivariate linear regression model using ANCOVA, only severity of AS and 
the presence of angina and/or strain could be identified as independent predictors of 
Twistmax and TSR (both P <0.05).

discussion

The most important conclusion of the current study is that apical Rotmax, Twistmax, 
and TSR are higher in AS patients and related to the severity of AS and symptoms 
(angina) or electrocardiographic signs (strain) compatible with subendocardial 
ischemia.
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Assessment of subendocArdiAl contrActile function in As

In the normal heart, myocardial fibre helices in the inner and outer layers of the wall 
exert opposite torques. Torques caused by the outer layers are larger than torques due 
to the inner layers because of the longer lever (Figure 1). This causes LV twist to occur 
in favour of the outer layers. In AS patients, increased myocardial oxygen demand 
and relative impairment of coronary flow to the subendocardium may result in 
subendocardial ischemia. During subendocardial ischemia the counteracting torque 

Table 3. Echocardiographic indicators of aortic stenosis severity and left ventricular rotation parameters in 
patients with and without angina or an electrocardiographic strain pattern

No angina or 
electrocardiographic 

strain pattern
(n = 22)

Angina or 
electrocardiographic 

strain pattern
(n = 28)

Angina and 
electrocardiographic 

strain pattern
(n = 8)

F
(ANOVA)

Age, year 63 ± 13 67 ± 19 72 ± 18 2.22

Left ventricular mass, g 184 ± 41 233 ± 83 276 ± 95 5.32†

 Available coronary 
angiogram, n (%)

21 (95) 20 (71) 7 (88) NS  
(Chi-Square)

 Coronary artery disease, 
n (%)$

8 (38) 12 (60) 3 (43) NS  
(Chi-Square)

Severity aortic stenosis

Velocity, m/s 3.6 ± 0.9 4.0 ± 0.8 4.2 ± 0.5 1.99

 Mean gradient, mmHg 36 ± 20 45 ± 19 48 ± 11 2.30

Valve area, cm2 1.1 ± 0.6 0.7 ± 0.4 0.6 ± 0.3 3.50*

 Valve area indexed by BSA, 
cm2/m2

0.5 ± 0.3 0.4 ± 0.2 0.3 ± 0.1 1.16

LV rotation parameters

 Basal Rotmax, degree -3.6 ± 3.6 -3.7 ± 3.1 -3.9 ± 3.2 0.32

 Basal Rotearly absent, n (%) 19 (86) 15 (54) 5 (63) NS  
(Chi-Square)

 degree$$ 0.9 ± 0.6 0.7 ± 0.5 0.6 ± 0.3 2.34

 Apical Rotmax, degree 9.2 ± 3.2 10.5 ± 3.2 13.0 ± 3.4 4.33*

 Apical Rotearly absent, n (%) 11 (50) 12 (43) 5 (63) NS  
(Chi-Square)

 degree$$ -0.6 ± 0.4 -0.3 ± 0.4 -0.2 ± 0.2 6.81†

Twistmax, degree 12.1 ± 4.2 14.0 ± 4.4 19.1 ± 5.1 7.96‡

 Twist-to-shortening ratio, 
degree / %

0.5 ± 0.2 0.7 ± 0.3 0.8 ± 0.3 9.07‡

$ Data for 48 patients with available coronary angiography. $$ Data for patients with a present basal or apical 
Rotearly. NS = not significant, other abbreviations as in Table 2. *P <0.05, †P <0.01, ‡P <0.001 between groups 
(analysis of variance)
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of the inner layers is diminished and therefore LV twist increases, proportionally 
to AS severity.12, 24 Added to reduced subendocardial fibre shortening that is seen 
during ischemia, the absolute value of the slope of the relation between LV twist and 
endocardial circumferential shortening is expected to increase,12-15, 22, 25 as is shown 
in this study. Both increased Twistmax and the decreased circumferential shortening 
it may compensate for, are caused by subendocardial contractile dysfunction, making 
the TSR a potentially sensitive marker of subendocardial ischemia.22, 25 Since the 
severity of subendocardial ischemia26 and the increase in LV twist are both known 
to be related to the severity of AS, LV rotation parameters may have an important 
role as markers of subendocardial ischemia. The decreased basal and apical Rotearly in 
AS (that was even completely absent in a high proportion of patients in our study), 
are likely to be caused by subendocardial contractile dysfunction as well since normal 
counterclockwise basal Rotearly and clockwise apical Rotearly are caused by the pre-
dominant mechanical activity that develops along the subendocardial fibres during 
the isovolumic contraction phase.10, 27 

According to current guidelines, angina in patients with severe AS is a class I 
indication for aortic valve replacement.6 This indication is largely based on the 1968 
publication by Ross and Braunwald,28 in which the mean survival of 5 years after the 
onset of angina in severe AS was based on data retrieved from post-mortem studies 
and observations on patients with severe AS not undergoing aortic valve replacement 
for several reasons, leading to significant selection bias.29-31 Angina in AS is most 
likely caused by subendocardial ischemia resulting from increased myocardial oxygen 
demand and relative impairment of coronary flow to the subendocardium. Although 
history-taking is a valuable, fast and easy diagnostic tool, the inherent subjectivity of 
symptoms may limit its use in clinical decision-making. Therefore it may be better to 
study a more objective sign of subendocardial ischemia, such as the TSR.

To further prevent sudden cardiac death and irreversible LV damage, it is also 
advocated to perform aortic valve replacement in asymptomatic patients at high-risk, 
based on aortic valve calcification severity, rate of stenosis progression, response to 
exercise testing, and LV ejection fraction.6, 32 According to the ischemic cascade, 
angina is the final step, and thus often not present.33 Before angina develops, electri-
cal and functional changes occur in the ischemic endocardium that may guide earlier 
aortic valve replacement. However, it is well known that a surface electrocardiogram 
can also remain completely normal in the presence of subendocardial ischemia.34 
One of the earliest signs of perfusion abnormalities are alterations in contractile func-
tion.33 In the current study and other studies35 it has been shown that abnormalities 
in longitudinal and circumferential contraction and rotation precede changes in LV 
ejection fraction. In future large-scale studies it should be investigated whether such 
abnormalities, and in particular the TSR, in asymptomatic patients with severe AS 
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identify patients at high-risk for sudden cardiac death and irreversible LV damage. 
However, it should be noticed that unlike angina and strain, which can be assessed in 
virtually all patients, reliable assessment of the TSR relies on image quality and the 
ability of two-dimensional echocardiography to image the true LV apex.20, 21 This 
may limit the use of the TSR in clinical practice at this moment.
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assessment of lv twist 

Ever since the description of the rotational motion of the left ventricle (LV) by 
Leonardo da Vinci1 in the 16th century, LV twist has intrigued clinicians and 
researchers in their quest to understand the performance of the human heart. In 
the early 1960s, Harrison et al.2 developed a method to measure external ventricular 
wall dimensions during the cardiac cycle. Silver tantalum clips were sutured into 
the human epicardium during cardiac surgery and these markers were viewed by 
calibrated cineradiographs. Ingels et al.3 further developed this technique and studies 
of LV twist continued throughout the 1980s. Unfortunately, progress was limited 
due to the invasive nature of the technique with its inherent limitations; the surgi-
cal implantation of the clips frequently led to local inflammation, hemorrhage and 
fibrosis, possibly affecting LV twist. In addition, implantation of the clips could only 
be done in surgically accessible areas, which limited the LV areas studied. In 1990, 
Buchalter et al.4 described for the first time the non-invasive assessment of LV twist 
with magnetic resonance imaging (MRI). A tagging technique was employed to label 
specific areas of the myocardium prior to image acquisition. Tagging is achieved by 
selective radio-frequency excitation of narrow planes and appears as black lines on 
the image acquisition. Using dedicated software, displacement of these tagging lines 
can be monitored, allowing quantification of LV deformation. However, the limited 
availability, the poor temporal resolution, and the time-consuming and complex data 
analysis have precluded its use in routine clinical practice. 

More recently, assessment of LV twist by speckle tracking echocardiography (STE) 
has become available. The fundamental principle of deformation imaging by STE is 
simple. A certain segment of myocardial tissue is shown in an ultrasound image as a 
pattern of gray values caused by the interference of ultrasound reflected by the tissue. 
Such a pattern, resulting from the spatial distribution of the gray values, is commonly 
referred to as a speckle pattern. If the position of the myocardial segment within the 
ultrasound image changes, one can presume that the position of the speckle pattern 
will change accordingly. Since each region of the myocardium has its own rather 
unique speckle pattern, the speckle pattern can serve as a fingerprint of the region 
of interest of the myocardium. Furthermore, given a sufficiently high frame rate, it 
can be assumed that particular speckle patterns are preserved between subsequent 
image frames.5 Thus, tracking of the speckle pattern during the cardiac cycle allows 
one to follow the motion of this myocardial segment within the two-dimensional 
ultrasound image. In 2005, Notomi et al.6 and Helle-Valle et al.7 showed that LV 
twist data derived from commercially available speckle tracking software by GE 
Medical Systems correlated well with tagged MRI. 
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At the Annual Congress of the European Society of Cardiology in 2007 in Vienna, 
Goffinet et al.8 showed that LV twist data derived from a prototype version of the 
Philips QLAB software also correlated well with tagged MRI, provided that the 
same LV level was studied. During our first experiences with this software in 2007, 
we also realized that one of the limitations of STE for assessment of LV twist is the 
crucial dependence on acquisition of a correct LV apical short-axis. Echocardio-
graphy textbooks advice to obtain all short-axis views from the standard parasternal 
window by angulating the transducer and when necessary moving it slightly lateral. 
However, by this method rotation at the LV apical level might be underestimated 
because only the rotation of the posteriorly situated walls will be measured more 
or less truly apical, whereas the more anteriorly situated walls will be cross-sected 
at a more midventricular level. We studied the influence of transducer position in 
the assessment of apical rotation by STE and found that a more caudal transducer 
position is associated with increased measured LV apical rotation (chapter 2 of this 
thesis). Therefore, in each patient the most caudal available transducer position 
should be used. In the absence of a more caudal transducer position, measured LV 
apical rotation will certainly not be representative of true LV apical rotation (which 
will in itself not preclude serial assessment of LV apical rotation in a patient). To be 
able to evaluate serial studies of LV twist by STE in the same patient, the technique 
needs to be reproducible as well. Our group studied the feasibility and intraobserver, 
interobserver, and test-retest variability of LV twist measurement (chapter 3 of this 
thesis).9 We found that the method is feasible in approximately two thirds of subjects 
and has good intraobserver, interobserver and temporal reproducibility, allowing to 
study changes over time in LV twist in an individual patient. 

Physiology of lv twist

According to the Hippocratic treatise “On the Heart”, the heart is shaped like a 
pyramid, has a deep crimson colour, and is an extremely strong muscle. From the 
top of the heart, rivers that irrigate the “mortal habitation” flow into the body. If 
these rivers dry up, then the person dies.10 Leonardo da Vinci’s investigations of 
the heart and circulation began nearly 18 centuries later, in the 1490s. Many of Da 
Vinci’s heart drawings were made from studies of the organs of oxen and pigs (Figure 
1), since it was only later in his life that he had access to human organs. Da Vinci 
made a number of advances in the understanding of the heart and blood flow. For 
example, he showed that the heart is indeed a muscle, that it has four chambers and 
he linked the pulse in the wrist with LV contraction. Furthermore, Da Vinci was 
the first to describe the rotational motion of the LV,1 which was later compared to 
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“the wringing of a linen cloth to squeeze out the water” by Richard Lower in 1669.11 
However, it lasted until the late 1960s before LV twist was described in more detail 
by Streeter et al.12 following a study of post-mortem canine hearts. Using a rapid 
method of fixation, they were able to analyze these hearts in either systole, begin 
diastole or end-diastole. Fibre angle, representing the angle between the myofibres 
as projected onto the circumferential-longitudinal plane and the circumferential axis, 
was introduced for quantification of fibre orientation. This angle changed continu-
ously from the subendocardium to the subepicardium, typically ranging from +60 
degrees at the subendocardium to –60 degrees at the subepicardium.13 LV twist is 
supposed to originate from the dynamic interaction between these oppositely wound 
subepicardial and subendocardial myocardial fibre helices, whereby the direction of 
LV twist is governed by the subepicardial fibres, mainly owing to their longer arm 
of movement.14 LV twist plays a pivotal role in the mechanical efficiency of the 
heart, making it possible that only 15% fibre shortening results in a 60% reduction 
in LV volume.15 Furthermore, mathematical models have shown that the counter-
directional arrangement of muscle fibres in the heart is energetically efficient and 
important for equal redistribution of stresses and strain in the heart.16 However, con-
troversy remains present. The group of Buckberg published in 2005 a comprehensive 
compendium, “Rethinking the cardiac helix; a structure function journey”, of the 
Liverpool meeting: “New concepts of cardiac anatomy & physiology”.17 Buckberg et 
al. believe that, based on anatomical studies by Torrent-Guasp,18 the heart is a helix 
that contains an apex, and that sequential contraction of the basal, descending, and 
ascending loop of the helix leads to the physiological pattern of myocardial contrac-
tion.19 Although interesting, other anatomical studies have failed to reproduce the 
findings of Torrent-Guasp, and during the past few years this latter theory seems 

Figure 1

Chapter 15

Figure 1. Studies of the heart of an ox, by Leonardo da Vinci.
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to gradually lose appreciation as compared to the theory of dynamic interaction 
between oppositely wound subepicardial and subendocardial myocardial fibres.20   

Taber et al.14 used a theoretical model to underscore the importance of the 
arrangement of myocardial fibres for LV twist. Peak systolic twist approximately 
doubled with a change in de epicardial / endocardial fibre angles from +90 degrees 
/ –90 degrees to +60 degrees / –60 degrees. Our group performed a study to inves-
tigate the influence of LV shape – and presumably fibre-orientation – on LV twist 
in the human heart (chapter 5 of this thesis). The LV sphericity index, calculated by 
dividing the LV maximal long-axis internal dimension by the maximal short-axis 
internal dimension at end-diastole, was used as a parameter of LV geometry. The 
LV sphericity index varied from 1.2 to 1.8 in dilated cardiomyopathy patients and 
had a positive linear relation with apical peak systolic rotation and peak systolic 
twist. Even when dilated cardiomyopathy patients with similar LV ejection fractions 
were studied, the LV sphericity index remained positively correlated to both LV 
rotation parameters. In fact, the LV sphericity index was the strongest independent 
predictor of both apical peak systolic rotation and peak systolic twist. Interestingly, 
in normal hearts the LV sphericity index had a parabolic relation with apical peak 
systolic rotation and peak systolic twist. A LV sphericity index of about 2.1 was 
associated with the highest peak systolic twist, lower and higher sphericity indices 
were associated with less peak systolic twist. The findings of this study seem to sup-
port the hypothesis by Taber et al.14 that alterations in fibre-orientation influence 
LV peak systolic twist. Furthermore, the curvature of the LV wall is related to wall 
tension. Since deformation of myocardial fibres is known to be inversely related to 
wall tension, changes in cardiac shape may also lead to changes in LV twist by means 
of alterations in wall tension. 

In 1995, Moon et al.21 investigated the effects of load and inotropic state on LV 
twist. They studied 6 cardiac transplant recipients 1 year after heart transplantation. At 
the time of surgery 12 radiopaque midwall LV myocardial markers were implanted. 
The authors claimed that pressure and volume loading did not affect LV twist. How-
ever, in more recent tagged MRI studies by MacGowan et al.22 and Dong et al.23 it has 
been shown that afterload changes do affect LV twist. Dong et al.23 also investigated 
the influence of preload and contractility. An isolated increase in preload resulted in 
an increase in LV twist. From a multiple linear regression analysis, they concluded that 
the effect of preload on LV twist was about two-thirds as great as that of afterload. 
Since LV twist is critically dependent on the arrangement of fibres in the myocardium, 
the dependence of LV twist on pre- and afterload-induced changes in LV volumes 
is intuitive. Dong et al. also observed that dobutamine increased LV twist, even at 
identical pre- and afterload, indicating that there is a direct inotropic effect on LV 
twist that is not mediated through changes in volume, but through changes in force.



General discussion 215

Finally, several groups investigated the influence of aging on LV twist.24-26 
Although Nakai et al.24 and Takeuchi et al.25 reported increased LV peak systolic twist 
with aging, a more comprehensive analysis in order to investigate the biomechanics 
behind these age-related changes in LV twist was performed by our group (chapter 6 
of this thesis).26 Because LV peak systolic twist is calculated as the maximal value of 
instantaneous LV apical rotation minus LV basal rotation, any difference between the 
timing of LV basal and apical peak systolic rotation (defined as rotational deforma-
tion delay) will result in less LV peak systolic twist. In our study it was shown that 
the increase of LV twist with aging results not only from an increase in apical peak 
systolic rotation but also from a decrease in rotational deformation delay, a finding 
recently confirmed by others.27 The function of subendocardial fibres declines with 
age, even in normal hearts.28, 29 Loss of the opposed action of subendocardial fibres 
will allow the subepicardial fibres to cause more pronounced LV apical rotation and 
thereby LV twist. Time-to-peak LV basal rotation remained relatively unchanged 
with aging, whereas LV apical peak rotation occurred later in systole with advancing 
age, approaching time-to-peak LV basal rotation and thereby decreasing rotational 
deformation delay. Although the increase in time-to-peak LV apical rotation may 
be caused by an increase in collagenous tissue in the conduction system with advan-
cing age,30 this would implicate an increase in time-to-peak LV basal rotation as 
well, leaving rotational deformation delay unchanged. The increase in time-to-peak 
LV apical rotation with advancing age may also be explained by prolonged con-
traction duration, which was previously found in aged myocardium of animals.31, 

32 This prolonged contraction duration results from a prolonged active state rather 
than changes in passive properties or myocardial catecholamine content.31 Whether 
this is the true explanation of the increase in time-to-peak LV apical rotation with 
advancing age, and why time-to-peak LV basal rotation would not be influenced by 
this phenomenon, still needs to be clarified. Nevertheless, both increased LV apical 
rotation and decreased rotational deformation delay seem to be characteristics of 
“physiological cardiac aging”, and may contribute to the preservation of LV ejection 
fraction in the elderly. 

Physiology of lv untwist

Untwisting starts after the peak of LV twist, just before the end of systole. The 
twisting deformation of the LV during systole results not only in ejection of blood 
but also in storage of potential energy. During the isovolumic relaxation period the 
twisted fibres behave like a compressed coil that springs open while abruptly releas-
ing the potential energy. This process may be actively supported by still depolarized 
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subendocardial fibres that are – in contrast to the systolic period – now not opposed 
by active contraction of the subepicardial fibres.33 However, the effective force of 
contraction of myocardial fibres is expected to be minimal during this part of the 
cardiac cycle. Nevertheless, dissimilarities of apparent stiffness of the endocardium 
and epicardium caused by differences in breakdown of actin-myosin cross-bridges 
may be of influence. The group of Shapiro and Rademakers was one of the first 
to investigate the physiology of LV untwisting in more detail with MRI.34 They 
found, in an open-chest canine model, that LV untwisting and filling are dissoci-
ated in time. In the normal resting heart about 40% of LV untwisting occurs during 
isovolumic relaxation. Dobutamine enhanced the extent of LV untwisting before 
mitral valve opening and further accentuated the dissociation between LV untwist-
ing and filling. More recently, Notomi et al. showed in an echocardiographic study 
that the untwisting rate, the mean LV untwisting velocity during the isovolumic 
relaxation phase, is proportional to the rate of isovolumic pressure decay.35 In addi-
tion, they demonstrated that LV untwisting preceded and was a strong predictor of 
the intraventricular pressure gradient, a marker of diastolic suction during early LV 
filling. Thus, LV untwisting provides a temporal link between two crucial diastolic 
phenomena, relaxation and diastolic suction. 

In adolescents and young adults, there may be a marked contribution of active LV 
relaxation to LV filling, resulting in an accentuated early diastolic filling velocity with 
a short deceleration time, resembling restrictive LV filling at Doppler echocardiogra-
phy (‘pseudo-restrictive’ LV filling pattern). Our group performed a study to compare 
LV untwisting in young healthy adults with a normal and a ‘pseudo-restrictive’ LV 
filling pattern, and in dilated cardiomyopathy patients with a ‘true restrictive’ LV fill-
ing pattern in order to gain insight in the mechanics of LV diastology (chapter 8 of 
this thesis). We found that faster LV untwisting plays a pivotal role in the rapid early 
diastolic filling occasionally seen in young healthy individuals. In contrast, in dilated 
cardiomyopathy patients, untwisting is delayed and this impairment to utilize suc-
tion may impair LV filling. Furthermore, we performed a study to comprehensively 
investigate global and in particular regional LV rotation throughout the cardiac cycle 
(chapter 4 of this thesis).36 We found faster untwist or de-rotation, the diastolic 
reversal of systolic rotation, at the LV apical level as compared to the basal level, 
which may be explained by the relatively increased systolic apical rotation, and thus 
stored potential energy. Interestingly, at the LV basal level there was still a profound 
de-rotation from mitral valve opening until the peak of early LV filling velocity. 
This may be explained by the temporal dispersion in basal and apical repolarization. 
Since the basal endocardial fibres are the latest to be repolarized (repolarization 
progresses from the apex to the base of the heart and from the epicardium to the 
endocardium, and takes approximately 150ms), an extra de-rotating force may still 
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be present during this period at the basal level. Furthermore, there is a brief episode 
of re-rotation at the basal level from the peak to the end of the early LV filling 
velocity that may partially be explained by the sudden omission of the de-rotational 
forces of the endocardial fibres, at the moment of complete cardiac repolarization. 
In contrast, during this period continuing de-rotation is seen at the LV apical level. 
Since rotation is related to an increase and de-rotation to a decrease in LV pressure, 
this phenomenon may facilitate blood flow all the way to the apex.

Marked changes in LV diastolic function are known to occur in healthy elderly.37, 

38 Unfortunately, conflicting data have been published about changes in the untwist 
rate, and in particular peak diastolic untwisting velocity, with aging.24, 25, 39, 40 Our 
group investigated this topic as well (chapter 7 of this thesis). As described before, 
with advancing age LV twist increases, probably due to subendocardial dysfunc-
tion. The early diastolic release of increased potential energy stored during this 
augmented systolic twisting deformation may be the cause of the preserved peak 
diastolic untwisting velocity and untwisting rate with aging found in our study. The 
finding of strong age-independent relations between LV peak systolic twist and peak 
diastolic untwisting velocity and untwisting rate supports this hypothesis. Neverthe-
less, although peak diastolic untwisting velocity and untwisting rate did not change 
significantly with advancing age, both parameters were significantly impaired when 
normalized for the increased extent of LV twist. This resulted in a progressive delay 
in relative LV untwisting and in the time-to-peak diastolic untwisting velocity with 
aging. These findings may reflect the increased stiffness known to occur in aging 
LV’s.30 In addition, the same subendocardial dysfunction that is supposed to lead 
to increased LV twist with aging, may also lead to loss of the active part of untwist-
ing normally caused by in early diastole still depolarized subendocardial fibres. Our 
finding of relatively reduced and delayed LV untwisting may help to explain the 
increased duration of isovolumic relaxation in the elderly. Because LV untwisting 
generates the LV pressure gradient that helps filling the LV,41 impediment of LV 
untwisting may lead to delayed generation of this pressure gradient, and thereby to 
delayed opening of the mitral valve.

lv twist in cardiac disease 

subendocArdiAl dysfunction 

As mentioned before, LV twist originates from the dynamic interaction between 
oppositely wound subepicardial and subendocardial myocardial fibres. The direction 
of LV twist is governed by the subepicardial fibres, mainly owing to their longer arm 
of movement. Subendocardial ischemia with loss of contraction of the counteracting 
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subendocardial fibres will lead to increased LV twist. Therefore, LV twist, and in 
particular changes within one patient, may provide an easily assessable marker of 
subendocardial ischemia. Increased LV twist has been described in aging healthy 
subjects (as discussed previously), and in patients with hypertrophic cardiomyopathy 
(HCM), aortic stenosis (AS), or diabetes.

In two small tagged MRI studies in HCM patients, discrepant results for LV twist 
were reported.42, 43 Maier et al.42 found reduced LV apical rotation and twist, whereas 
Young et al.43 found increased LV basal and apical rotation resulting in increased LV 
twist. Notomi et al.41 also described increased LV twist in seven HCM patients 
using tissue Doppler imaging. We investigated 43 consecutive HCM patients and 
found increased LV basal and normal apical rotation, resulting in increased LV twist 
(chapter 11 of this thesis).44 The increased basal rotation may be explained by loss of 
counteraction of the subendocardial fibre helix, caused by endocardial ischemia due 
to microvascular dysfunction.45, 46 Also, larger radius differences between the sub-
epicardium and subendocardium in hypertrophic muscle may increase the dominant 
action of the subepicardial fibres and increase basal rotation. Interestingly, LV apical 
rotation and twist were dependent on the pattern of LV hypertrophy. In patients with 
a sigmoidal septal curvature, LV apical rotation and twist were increased as compared 
to patients with a reverse septal curvature. This may be partly explained by the degree 
of subendocardial ischemia, since patients with a sigmoidal septal curvature more 
often had LV outflow tract obstruction. The extravascular compressive forces caused 
by gradients due to the outflow obstruction may lead to more extensive microvascular 
dysfunction and subendocardial ischemia.46 

Although increased LV twist in AS patients was described in several MRI stud-
ies,28, 47-49 these studies were limited by small numbers of patients28, 47-49 and not for 
age-matched control subjects.47-49 Our group studied a large group of AS patients 
versus age-matched healthy subjects and found that LV twist is increased in AS, 
due to increased LV apical rotation (chapter 13 of this thesis). Furthermore, our 
group was the first to describe that LV apical rotation and twist correlate positively 
to the severity of AS. This underlines the potential role of subendocardial ischemia 
as the cause of increased LV apical rotation and twist in AS since the severity of 
subendocardial ischemia is known to be related to the severity of AS.50 In addition, 
LV apical rotation and twist were highest in AS patients with symptoms (angina) or 
electrocardiographic signs (strain) compatible with subendocardial ischemia (chapter 
14 of this thesis). However, deformation of myocardial fibres is known to be inversely 
related to wall tension. Since increased afterload in AS leads to increased endocardial 
wall tension, increased LV twist in AS may also be caused by decreased endocardial 
deformation as a result of increased endocardial wall tension, independently of 
ischemia.
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Increased LV twist was also described in diabetics with a normal LV ejection frac-
tion.51-53 Several potential mechanisms for the supposed loss of counteraction of the 
subendocardial fibres were mentioned, including metabolic disturbances triggered 
by hyperglycemia, increased free fatty acid oxidation, altered calcium homeostasis, 
myocyte death, fibrosis, small-vessel diseases, and cardiac autonomic neuropathy. As 
in HCM and AS, increased LV twist may serve as a compensatory mechanism to 
balance loss of LV myocardial contraction in other directions and thereby preserve 
LV ejection fraction.

diAstolic dysfunction

The need for objective evidence of LV diastolic dysfunction has led to an extensive 
search for accurate, noninvasive, load-independent methods to quantify its severity.54 
Takeuchi et al.55 examined whether LV hypertrophy adversely affects LV untwist-
ing in hypertension patients. Patients with moderate to severe LV hypertrophy had 
reduced and delayed LV untwisting as compared to patients without LV hypertro-
phy, which may contribute to the LV relaxation abnormality seen in these patients. 
Our group was the first to extensively investigate LV untwisting in HCM and AS 
(chapter 12 and 13 of this thesis, respectively). In both patient groups, the untwist-
ing rate, the mean untwisting velocity during the isovolumic relaxation phase, was 
decreased and untwisting was delayed. Subendocardial ischemia may lead to loss of 
active untwisting normally caused by the subendocardial fibres during early diastole. 
In addition, the impaired compliance of the LV’s of these patients will prevent 
optimal transformation of the potential energy stored in systolic LV twisting into 
kinetic energy. However, peak diastolic untwisting velocity was decreased in HCM 
patients, whereas it was increased in AS patients. In AS patients, systolic LV twist 
was increased as compared to controls. The increased potential energy stored in this 
more twisted LV will be released after all, which may lead to increased, but delayed, 
peak diastolic untwisting velocity, that may serve as a compensatory mechanism 
to help LV filling. Conversely, in HCM patients systolic twist was not increased, 
which may thwart this phenomenon. This hypothesis is supported by our finding of 
increased peak diastolic untwisting velocity in a subgroup of HCM patients with 
mild diastolic dysfunction, who had increased systolic twist. It has been suggested 
that increased untwisting might be a compensatory mechanism, preventing the need 
to increase left atrial pressure.39, 41, 56 

noncomPAction cArdiomyoPAthy

Noncompaction cardiomyopathy (NCCM) is a myocardial disorder characterized by 
excessive and prominent trabeculations associated with deep recesses that communi-
cate with the ventricular cavity but not the coronary circulation.57 Although NCCM 
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was included in the 2006 World Health Organization classification of cardiomyopa-
thies,58 it remains subject to controversy owing to lack of consensus on its aetiology, 
pathogenesis, diagnosis, and management.59 The final stage of the development of 
myocardial architecture is characterized by the formation of compact myocardium 
and development of oppositely wound epicardial and endocardial myocardial fibre 
helices.60, 61 Since NCCM is probably caused by intrauterine arrest of this final 
stage of cardiac embryogenesis,62 it may be anticipated that LV twist characteristics 
are altered, beyond that seen in patients with impaired LV function and normal 
compaction. In a pilot study, we found LV solid body rotation, that is predominantly 
instantaneous rotation at the basal and apical level in the same direction, with near 
absent LV twist in 10 NCCM patients.63 Conversely, none of 10 healthy volunteers 
and 10 dilated cardiomyopathy patients included in the same study showed this solid 
body rotation (chapter 9 of this thesis). In a subsequent, larger study we prospectively 
included 52 consecutive patients, in whom there was a suspicion of NCCM. In this 
study LV solid body rotation was confirmed to be an objective, quantitative, and 
reproducible criterion with a good predictive value for the diagnosis of NCCM as 
established by expert opinion. Interestingly, all familial NCCM patients showed 
solid body rotation. Since the diagnosis of NCCM seems most certain in patients 
with familial NCCM, this finding underscores the excellent sensitivity of solid body 
rotation for NCCM. Of additional interest is our finding that NCCM patients who 
were first-degree relatives from one family had identical LV rotation patterns, sug-
gesting a genetic-functional relationship in NCCM (chapter 10 of this thesis). 

cArdiAc resynchronizAtion therAPy

Zhang et al.64 investigated LV twist in patients undergoing cardiac resynchronization 
therapy. Although a significant reduction of LV twist was observed in patients with 
advanced heart failure, LV twist did not improve after resynchronization therapy, 
despite significant gains in LV global and short-axis function in responders. In fact, 
non-responders showed further reduction of LV twist. Therefore, it appears that LV 
twist might not have a role that mediates the favorable changes in cardiac function 
after cardiac resynchronization. 

ischemic heArt diseAse

Sun et al.65 subjected 7 pigs to myocardial infarction by occlusion of the left anterior 
descending coronary artery. After 8 weeks, LV twist was decreased significantly in 
the left anterior descending coronary artery territory areas, whereas there was no 
change in twist in adjacent and remote LV areas. Therefore, the authors proposed 
that LV twist may be suitable for noninvasive quantification of LV regional function 
in ischemic heart disease. Kroeker et al.,66 using an optical device coupled to the LV 
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apex in 16 open-chest dogs, also found a decrease of LV apical rotation with ischemia 
caused by occlusion of the left anterior descending coronary artery. Interestingly, in 
the first 10 seconds of occlusion, there was a paradoxical increase in LV apical rota-
tion, which was attributed to isolated subendocardial ischemia leading to loss of the 
counteractive action of the subendocardial helix of myofibres.

Takeuchi et al.67 and  Nagel et al.68 studied LV twist in patients with a prior ante-
rior myocardial infarction and found that, although LV basal rotation was preserved, 
LV apical rotation was decreased in these patients, leading to decreased LV twist. 
In a subgroup of patients with a LV aneurysm, Nagel et al.68 found that LV apical 
rotation was nonexistent or even inverted.

congenitAl heArt diseAse

In the majority of LV twist studies in congenital heart disease, investigators focused 
on patients with a congenital transposition of the great arteries. Pettersen et al.69, 70 
investigated 14 patients operated with atrial switch and found absence of twist in the 
systemic right ventricle, and reduced twist in the subpulmonary LV. Fogel et al.71-73 
described regional differences of apical rotation of the subpulmonary LV, whereas 
apical rotation was homogeneous in the normal LV of healthy controls. Recently, the 
group of Arts studied LV twist in a theoretical model of situs inversus totalis, and in 
8 patients with this condition.74, 75 Their results showed that, although gross anatomy 
is mirror imaged, this is not the case for LV systolic deformation. Both the LV base 
and apex rotated in a counterclockwise direction, whereas the midventricular section 
exhibited hardly any rotation. The authors explained their findings by referring to 
anatomical studies in which it was shown that in situs inversus totalis arrangement 
of myofibres is normal in the apical regions leading to normal counterclockwise 
rotation, whereas at the basal level a partly mirror-imaged pattern of the normal 
transmural change in fibre angle is seen.60, 76

future directions

Myocardial deformation imaging is a powerful tool to understand and quantify myo-
cardial function.77 In the vast majority of myocardial deformation imaging research, 
investigators have focused on measurement of strain by color-coded tissue Doppler 
imaging. Although from these studies it can be concluded that “tissue Doppler strain” 
may be a reliable parameter of cardiac function with a potentially important role in 
clinical decision-making in a broad spectrum of cardiac diseases, currently “tissue 
Doppler strain” remains just a research tool without any real implementation in daily 
clinical practice. It should be noticed that although tissue Doppler imaging has the 
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inherent advantage of working at a high temporal resolution, it has a poor signal-
to-noise ratio and is angle dependent. STE makes angle independent myocardial 
deformation imaging possible, and is better reproducible and more user friendly, 
requiring less expertise.78-80 Furthermore, the angle independency of “speckle track-
ing strain” has made it possible to determine strain not only in the longitudinal, but 
also in the radial and circumferential direction, and to assess LV twist. Because of the 
inherent advantages of STE, this technique has a more realistic chance of reaching 
daily clinical practice as compared to color-coded tissue Doppler imaging. Therefore, 
it is our strong believe that future research in clinical applications of myocardial 
deformation imaging should focus on assessment of strain and LV twist by STE, 
rather than by tissue Doppler imaging.  

As shown in this thesis, complete measurement of LV twist by contemporary speckle 
tracking software and hardware is feasible in approximately two thirds of consecu-
tive patients. Because speckle tracking is critically dependent on echocardiographic 
image quality, improvement in image quality (spatial resolution) seems essential. 
Advances in the algorithms used by two-dimensional speckle tracking software 
packages may further enhance feasibility. However, incorporating algorithms that 
make more assumptions on the expected myocardial motion pattern should be used 
only after proper validation. Currently, three-dimensional STE is in development. 
Three-dimensional tracking of speckle patterns in high volume rate datasets will 
rigorously diminish the need for assumptions on the expected motion pattern by 
the tracking algorithm, and thereby increase the accuracy of measurement of LV 
twist. Furthermore, assessment of LV apical rotation by three-dimensional STE will 
assure measurement from the true apex and thereby will provide a better estimation 
of maximal LV twist. Finally, standardization of the planes of measurement of basal 
and apical rotation from a three-dimensional dataset will probably improve the test-
retest reproducibility of measurements as well.

As mentioned before, diastolic LV untwisting represents the elastic recoil caused 
by the release of restoring forces that have been generated during the preceding 
systolic LV twist and has an important contribution in LV filling through suction 
generation.34 In the recently published “Recommendations for the Evaluation of 
Left Ventricular Diastolic Function by Echocardiography” by the European Society 
of Echocardiography,81 it was stated that “measurement of LV twist and untwist, 
although not currently recommended for routine clinical use and although clini-
cal studies are needed to define their potential clinical application, may become an 
important element of diastolic function evaluation in the future”. 

Identification of solid body rotation may be a niche application of STE, but future, 
large-scale studies are needed to confirm the diagnostic role of solid body rotation 
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in NCCM and to investigate the genetic aspects and prognostic value of specific LV 
rotation patterns. 

The relation between increased LV twist and subendocardial ischemia should be 
investigated in more detail, perhaps by direct comparison of LV twist with contrast 
perfusion echocardiography, before clinical studies in for example AS patients should 
be initiated. 

Finally, a European patent application for an “Apical torsion device for cardiac 
assist” (European Patent Office, application number: 07252571.0) was recently sub-
mitted by an American inventor. The apparatus exists of a rotary actuator attached 
externally to the apex of the heart, and a power source connected to the actuator 
(Figure 2). The purpose of this device is to apply twist, in order to restore the natural 
wringing motion of the heart. The major advantage over other mechanical LV assist 
devices currently on the market is that the device does not have any direct contact 
with circulating blood. This may potentially lead to a decreased chance of thrombus 
formation, hemolysis, immune reactions, or blood-borne infections; complications 
that limit the effectiveness of all currently commercially available LV assist devices. 

Figure 2 Figure 2. Schematic drawing of an “Apical torsion device”.
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Left ventricular (LV) twist describes the instantaneous rotational motion of the apex 
with respect to the base of the heart and has an important role in LV function. LV 
twist originates from the dynamic interaction between oppositely wound subepicar-
dial and subendocardial myocardial fibres. The direction of LV twist is governed by 
the subepicardial fibres, mainly owing to their longer arm of movement. Recently, 
speckle tracking echocardiography has been introduced as a new method for angle-
independent quantification of LV twist. 

In chapter 1 a general introduction to LV twist is given and the aims and outline 
of the thesis are described. In chapter 2 the influence of transducer position on LV 
apical rotation measurements is discussed. Echocardiography textbooks advice to 
obtain all short-axis views from the standard parasternal window by angulating the 
transducer and when necessary moving it slightly lateral. However, by this method 
rotation at the LV apical level might be underestimated because only the rotation of 
the posteriorly situated walls will be measured more or less truly apical, whereas the 
more anteriorly situated walls will be cross-sected at a more midventricular level. In 
the described study, a more caudal transducer position was associated with increased 
measured LV apical rotation. Therefore, in each patient the most caudal available 
transducer position should be used. To be able to evaluate serial studies of LV twist 
by speckle tracking echocardiography in the same patient, the technique needs to be 
reproducible. In chapter 3 an extensive study concerning the feasibility and intraob-
server, interobserver, and test-retest variability of LV twist is described. The method 
appeared to be feasible in approximately two thirds of the subjects and had a good 
intraobserver, interobserver and temporal reproducibility, allowing to study changes 
over time in LV twist in an individual patient. 

In the next part, physiological aspects of LV twist are discussed. The time course of 
regional and global rotation and de-rotation, the diastolic reversal of systolic rotation, 
are described in chapter 4. Differences in the extent and timing of de-rotation at 
the LV apical level as compared to the basal level may facilitate blood flow all the 
way to the apex. The significant influence of cardiac shape on LV twist is discussed 
in chapter 5. The LV sphericity index was used as a parameter of LV geometry and 
calculated by dividing the LV maximal long-axis internal dimension by the maximal 
short-axis internal dimension at end-diastole. This index showed a positive linear 
relation with LV apical rotation and twist in dilated cardiomyopathy patients. Even 
when dilated cardiomyopathy patients with similar LV ejection fractions were 
studied, the LV sphericity index remained positively correlated to both LV rotation 
parameters. Interestingly, in normal hearts the LV sphericity index had a parabolic 
relation with LV apical rotation and twist. Taken the important function of LV twist 
into account, these findings highlight the vital influence of cardiac shape on LV 
systolic function. In chapter 6 and 7, age-related changes of LV twist and untwist 
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are discussed. LV twist increased with aging, resulting from both increased LV api-
cal rotation and decreased rotational deformation delay, defined as the difference 
of time to peak basal and apical rotation. This may explain the preservation of LV 
ejection fraction in the elderly. Furthermore, relative peak diastolic untwisting veloc-
ity and untwisting rate were impaired with increasing age, resulting in delayed LV 
untwisting. These findings may help to explain diastolic dysfunction in the elderly. 
In adolescents and young adults, there may be a marked contribution of active LV 
relaxation to LV filling, resulting in an accentuated diastolic early phase filling veloc-
ity with a short deceleration time, that on Doppler echocardiography resembles a 
restrictive LV filling pattern (‘pseudo-restrictive’). In chapter 8 the results of a study 
performed to compare LV untwisting in young healthy adults with a normal and 
a ‘pseudo-restrictive’ LV filling pattern, and dilated cardiomyopathy patients with 
a ‘true restrictive’ LV filling pattern, are described. Faster LV untwisting played a 
pivotal role in the rapid early diastolic filling occasionally seen in young healthy 
individuals (‘pseudo-restrictive’). In contrast, in the dilated cardiomyopathy patients, 
untwisting was severely delayed and this impairment to utilize suction may impair 
LV filling.

In the next part, clinical applications of LV twist are described. Noncompaction 
cardiomyopathy (NCCM) is a myocardial disorder characterized by excessive and 
prominent trabeculations associated with deep recesses that communicate with the 
ventricular cavity but not the coronary circulation. The diagnosis of NCCM remains 
subject to controversy. Since NCCM is probably caused by an intra-uterine arrest of 
the myocardial fibre compaction during embryogenesis, it may be anticipated that the 
myocardial fibre helices, normally causing LV twist, will also not develop properly. 
In a pilot study, described in chapter 9, we found LV solid body rotation, defined as 
basal and apical systolic rotation predominantly in the same direction, with nearly 
absent LV twist, in 10 NCCM patients. Conversely, none of 10 healthy volunteers 
and 10 dilated cardiomyopathy patients included in the same study showed this 
solid body rotation. In chapter 10, a second, larger study is described in which 52 
consecutive patients, in whom there was a suspicion of NCCM, were prospectively 
included. In this study we found that LV solid body rotation is an objective, quan-
titative, and reproducible criterion with a good predictive value for the diagnosis of 
NCCM as established by expert opinion. LV twist, and in particular changes within 
one patient, may also provide an easy assessable marker of subendocardial ischemia, 
since subendocardial ischemia with loss of contraction of the counteracting suben-
docardial fibres, will lead to increased LV twist. This phenomenon is described in 
chapter 11, 13 and 14. In hypertrophic cardiomyopathy patients, LV basal rotation 
was increased, whereas apical rotation was normal, resulting in increased LV twist 
(chapter 11). The increased basal rotation may be explained by loss of counteraction 
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of the subendocardial fibre helix, caused by endocardial ischemia due to microvascu-
lar dysfunction. LV apical rotation and twist were dependent on the pattern of LV 
hypertrophy. In patients with a sigmoidal septal curvature, LV apical rotation and 
twist were increased as compared to patients with a reverse septal curvature. This 
may be partly explained by the degree of subendocardial ischemia, since patients 
with a sigmoidal septal curvature more often had LV outflow tract obstruction. The 
extravascular compressive forces caused by gradients due to the outflow obstruction 
may lead to more extensive microvascular dysfunction and subendocardial ischemia. 
In aortic stenosis (AS) patients, LV twist was increased as well, driven by increased 
LV apical rotation, and related to the severity of AS (chapter 13). This underlines 
the potential role of subendocardial ischemia as the cause of increased LV apical 
rotation and twist in AS, since the severity of subendocardial ischemia is known 
to be related to the severity of AS. Furthermore, LV apical rotation and twist were 
highest in AS patients with symptoms (angina) or electrocardiographic signs (strain) 
compatible with subendocardial ischemia (chapter 14). Speckle tracking echocar-
diography offers novel non-invasive indices to assess LV diastolic function as well. 
In chapter 12 and 13, abnormal LV untwisting in hypertrophic cardiomyopathy and 
AS patients is described. These findings provide insight into the pathophysiology of 
diastolic dysfunction seen in these patients. 

In the final part (chapter 15), the findings of this thesis are evaluated. Results of 
our studies concerning the assessment of LV twist, the physiology of LV twist, and 
LV twist in cardiac disease are discussed in the context of known literature on these 
topics. Furthermore, future perspectives on the potential clinical role of LV twist are 
described.
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Linker ventrikel (LV) twist beschrijft de roterende beweging van de apex ten 
opzichte van de basis van het hart en heeft een belangrijke rol bij de LV functie. LV 
twist wordt veroorzaakt door de dynamische interactie van tegengesteld verlopende 
helices van subepicardiale en subendocardiale myocardvezels. De richting van LV 
twist wordt bepaald door de subepicardiale vezels, vooral als gevolg van de grotere 
hefboom waaronder deze vezels werken. Recent is speckle tracking echocardiografie 
geïntroduceerd als nieuwe methode voor hoekonafhankelijke kwantificatie van LV 
twist.

In hoofdstuk 1 wordt een algemene introductie over LV twist gegeven en worden 
de doelen en de opbouw van het proefschrift beschreven. In hoofdstuk 2 wordt de 
invloed van transducer positie op LV apicale rotatie metingen uiteengezet. Echo-
cardiografie tekstboeken adviseren alle korte-as opnames op te nemen vanuit de 
standaard parasternale positie door de hoek van de transducer met de borstwand 
te veranderen en zo nodig de transducer iets naar lateraal te verplaatsen. Echter, op 
deze manier kan de LV apicale rotatie onderschat worden, omdat alleen de posterior 
gelegen wanden echt apicaal opgenomen worden, terwijl de doorsnede van de meer 
anterior gelegen wanden op een meer midventriculair niveau gemaakt wordt. In de 
beschreven studie was een meer caudale transducer positie geassocieerd met toege-
nomen gemeten LV apicale rotatie. Daarom moet in elke patiënt de meest caudale 
transducer positie die beschikbaar is gebruikt worden. Om seriële studies van LV 
twist gemeten met speckle tracking echocardiografie te kunnen evalueren, moet de 
techniek reproduceerbaar zijn. In hoofdstuk 3 wordt een uitgebreide studie met 
betrekking tot de uitvoerbaarheid en “intraobserver”, “interobserver”, en temporele 
variabiliteit van LV twist beschreven. De methode bleek uitvoerbaar in ongeveer 
twee derde van de patiënten en had een goede “intraobserver”, “interobserver”, en 
temporele reproduceerbaarheid, waardoor het mogelijk is veranderingen van LV 
twist in een individuele patiënt te bestuderen.

In het volgende deel worden fysiologische aspecten van LV twist uiteengezet. Het 
tijdsbeloop van regionale en globale rotatie en de-rotatie, de diastolische omkering 
van systolische rotatie, worden beschreven in hoofdstuk 4. Verschillen in de timing 
en de mate van de-rotatie op het niveau van de apex ten opzichte van de basis van 
het hart vergemakkelijken de bloedstroom naar de apex. De belangrijke invloed van 
de vorm van het hart op LV twist wordt uiteengezet in hoofdstuk 5. LV sfericiteit 
index werd gebruikt als een parameter van LV geometrie en berekend als de ratio 
van de eind-diastolische maximale interne dimensie van de lange-as en de korte-as 
van de LV. De LV sfericiteit index vertoonde een positieve lineaire relatie met LV 
apicale rotatie en twist in patiënten met een gedilateerde cardiomyopathie. Zelfs als 
gedilateerde cardiomyopathie patiënten met vergelijkbare LV ejectiefracties werden 
bestudeerd, bleef de LV sfericiteit index positief gecorreleerd aan beide LV rotatie 
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parameters. Bovendien had de LV sfericiteit index een parabolische relatie met LV 
apicale rotatie en twist in normale harten. Rekening houdend met de belangrijke 
rol van LV twist, onderstrepen deze bevindingen de vitale invloed van de vorm van 
het hart op de systolische LV functie. In hoofdstuk 6 en 7 worden leeftijdsgerela-
teerde veranderingen van LV twist en “untwist” uiteengezet. LV twist nam toe met 
ouder worden, als gevolg van zowel toegenomen LV apicale rotatie als afgenomen 
“rotational deformation delay”, gedefinieerd als het verschil van de “time-to-peak” 
basale en apicale rotatie. Deze bevindingen verklaren mogelijk het behoud van de 
LV ejectiefractie bij het ouder worden. Verder namen de relatieve “peak diastolic 
untwisting velocity” en de “untwisting rate” af met ouder worden, resulterend in 
vertraagde LV “untwisting”. Deze bevindingen kunnen mogelijk helpen LV diasto-
lische dysfunctie bij ouderen te verklaren. In adolescenten en jong volwassenen kan 
er een duidelijke bijdrage van de actieve LV relaxatie zijn aan de vulling van de LV, 
resulterend in een geaccentueerde vroeg diastolische vullingsnelheid met een korte 
deceleratie tijd, die bij Doppler echocardiografie op een restrictief LV vullingspa-
troon lijkt (“pseudo-restrictief ”). In hoofdstuk 8 worden de resultaten beschreven 
van een studie naar LV “untwisting” in jonge gezonde volwassenen met een normaal 
en een “pseudo-restrictief ” LV vullingspatroon, en patiënten met een gedilateerde 
cardiomyopathie en een echt restrictief LV vullingspatroon. Snellere LV “untwisting” 
speelde een centrale rol in de snelle vroeg diastolische vulling die af en toe gezien 
wordt bij jonge gezonde individuen (“pseudo-restrictief ”). Daarentegen, bij gedila-
teerde cardiomyopathie patiënten met een echt restrictief vullingspatroon was de LV 
“untwisting” ernstig vertraagd en deze stoornis bij het genereren van zuigkracht kan 
de vulling van de LV bemoeilijken.

In het volgende deel worden klinische toepassingen van LV twist beschreven. 
Noncompaction cardiomyopathie (NCCM) is een ziekte van het myocard, geken-
merkt door excessieve en prominente trabeculaties geassocieerd met diepe recessen 
die in verbinding staan met het LV lumen, maar niet met de coronaire circulatie. De 
diagnose NCCM is nog altijd het onderwerp van veel controversie. Omdat NCCM 
waarschijnlijk veroorzaakt wordt door een intra-uteriene stop van de compactie van 
myocardvezels tijdens de embryogenese, kan verwacht worden dat de helices van 
myocardvezels die normaal gesproken LV twist veroorzaken ook niet goed ontwik-
kelen. In een “pilot study”, beschreven in hoofdstuk 9, vonden wij LV “solid body 
rotation”, gedefinieerd als basale en apicale systolische rotatie in dezelfde richting, 
met bijna afwezige LV twist, in 10 NCCM patiënten. Daarentegen vertoonde geen 
van de 10 gezonde vrijwilligers en 10 gedilateerde cardiomyopathie patiënten geïn-
cludeerd in dezelfde studie deze LV “solid body rotation”. In hoofdstuk 10 wordt 
een tweede, grotere studie beschreven, waarin 52 patiënten prospectief geïncludeerd 
werden bij wie er een verdenking was op NCCM. In deze studie vonden we dat 
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LV “solid body rotation” een objectief, kwantitatief en reproduceerbaar criterium is 
met een goede voorspellende waarde voor de diagnose NCCM zoals gesteld door 
middel van “expert opinion”. LV twist, en in het bijzonder veranderingen binnen 
een specifieke patiënt, zou ook kunnen dienen als relatief eenvoudig te bepalen 
marker voor subendocardiale ischemie. Subendocardiale ischemie, met verlies van de 
contractie van de tegenwerkende subendocardiale vezels, zal leiden tot toegenomen 
LV twist. Dit fenomeen wordt beschreven in hoofdstuk 11, 13 en 14. In hypertro-
fische cardiomyopathie patiënten was de LV basale rotatie toegenomen terwijl de 
LV apicale rotatie normaal was, resulterend in toegenomen LV twist (hoofdstuk 
11). De toegenomen LV basale rotatie zou verklaard kunnen worden door verlies 
van de tegenwerking van de subendocardiale helix van vezels, veroorzaakt door 
subendocardiale ischemie als gevolg van microvasculaire dysfunctie. De mate van LV 
apicale rotatie en twist waren afhankelijk van het patroon van de LV hypertrofie. LV 
apicale rotatie en twist waren toegenomen in patiënten met een sigmoïdale septale 
curvatuur vergeleken met patiënten met een omgekeerde septale curvatuur. Dit kan 
deels verklaard worden door de mate van subendocardiale ischemie, want patiënten 
met een sigmoïdale septale curvatuur hadden vaker LV uitstroombaan obstructie. 
De extravasculaire compressiekrachten veroorzaakt door de gradiënt als gevolg van 
de uitstroombaan obstructie, kunnen leiden tot meer uitgebreide microvasculaire 
dysfunctie en subendocardiale ischemie. In aorta stenose (AS) patiënten was LV 
twist ook toegenomen, veroorzaakt door toegenomen LV apicale rotatie. LV api-
cale rotatie en twist waren gerelateerd aan de ernst van de AS (hoofdstuk 13). Dit 
benadrukt de potentiële rol van subendocardiale ischemie als veroorzaker van de 
toegenomen LV apicale rotatie en twist in AS, want uit eerder onderzoek is reeds 
bekend dat de ernst van de subendocardiale ischemie gerelateerd is aan de ernst van 
de AS. Bovendien waren LV apicale rotatie en twist het hoogst in AS patiënten 
met symptomen (angina) of electrocardiografische tekenen (strain) compatibel met 
subendocardiale ischemie (hoofdstuk 14). Speckle tracking echocardiografie biedt 
ook nieuwe non-invasieve indices om de LV diastolische functie te beoordelen. In 
hoofdstuk 12 en 13 wordt abnormale LV untwisting in hypertrofische cardiomyopa-
thie en AS beschreven. Deze bevindingen geven inzicht in de pathofysiologie van de 
diastolische dysfunctie die vaak gezien wordt in deze patiënten. 

In het laatste deel (hoofdstuk 15) worden de bevindingen die beschreven zijn in 
dit proefschrift geëvalueerd. De resultaten van onze studies naar het bepalen van 
LV twist middels speckle tracking echocardiografie, de fysiologie van LV twist en 
veranderingen van LV twist bij verschillende hartziekten, worden beschreven in de 
context van bekende literatuur over deze onderwerpen. Bovendien wordt het toe-
komstperspectief van de mogelijke klinische rol van LV twist uiteengezet.
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dankwoord

Happiness only real when shared.
(Christopher Johnson McCandless, 1968-1992)

Het succesvol afronden van een promotieonderzoek hangt naast de toewijding 
van de promovendus minstens zoveel af van de aanwezigheid van een goede groep 
motiverende, ondersteunende, meelevende, maar op z’n tijd ook relativerende en 
andersdenkende mensen rondom de promovendus. Dit dankwoord wil ik graag 
gebruiken om iedereen te bedanken die de afgelopen jaren op een eigen manier een 
onmisbare bijdrage geleverd heeft aan de voltooiing van dit proefschrift. 

Dr. Geleijnse, Marcel, mijn co-promotor, allereerst gaat mijn dank uit naar jou. Eén 
van de eerste dingen die ik leerde van een ervaren arts-assistent tijdens mijn oudste 
co-schap cardiologie in Het Thoraxcentrum was, hoewel weinig vakinhoudelijk, 
uiteindelijk wel erg belangrijk en zelfs bijna profetisch: “als je ooit iets met onderzoek 
wil doen binnen de cardiologie, zorg dan dat je op de één of andere manier Marcel 
daarbij betrekt.” Je heldere wetenschappelijke blik, feitenkennis en goede manier van 
schrijven waren toen al, je was zelf nog arts-assistent, geroemd onder je collega’s. 
Toen mij de mogelijkheid geboden werd mijn promotietraject in te gaan onder jouw 
begeleiding, heb ik dan ook niet lang getwijfeld. Philips had een prototype van hun 
speckle tracking software beschikbaar gesteld. Een nieuwe techniek, een nog onont-
gonnen gebied binnen de echocardiografie. Je had op een congres een presentatie 
gezien over linker ventrikel twist, meetbaar met speckle tracking echocardiografie, 
en dat leek een interessant onderwerp met veel potentie. Enthousiast hebben we ons 
dan ook, niet gehinderd door enige voorkennis, gestort op dit nog weinig bekende 
bewegingspatroon van het hart. Na vol goede moed de eerste manuscripten “ge-
submit” te hebben, kwam het ontnuchterende commentaar van enkele reviewers toch 
wat rauw op ons dak. Variërend van “The account given is simplistic in the extreme”, 
tot “At present, however, it is woefully lacking in anatomic understanding”, werd dui-
delijk dat van ons, toch erg op de dagelijkse klinische praktijk gerichte dokters, enige 
verdieping verwacht werd. Het commentaar ter harte genomen, dieper de materie 
ingedoken, hebben we een mooie weg afgelegd van steeds een beetje meer begrijpen 
van speckle tracking, de fysiologie van linker ventrikel twist en de veranderingen 
van linker ventrikel twist bij verschillende hartaandoeningen. Dit alles resulterend 
in mooie publicaties, bekroonde presentaties en nu veel positiever commentaar van 
de reviewers op onze manuscripten (“The data are expertly gathered and analyzed” 
en “Excellent article evaluating cardiac mechanics”). Bovendien draaiden de rollen 
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nu regelmatig om en werden wij ineens gewaardeerde reviewers van andermans werk 
over linker ventrikel twist (“We would like to express our gratitude to this reviewer. 
Not only were his comments most useful to improve our manuscript, but he also 
pointed out several inconsistencies that, thanks to his scrutiny, could be corrected”). 
Marcel, ontzettend bedankt voor je kundige begeleiding. Ondanks vele slapeloze 
nachten, dagen tussen de luiers en weekenden in Blijdorp als gevolg van “die twee 
terroristen”, was je altijd toegankelijk voor overleg en heb ik nooit lang hoeven 
wachten op je commentaar op één van onze artikelen. Ik wens je heel veel geluk met 
je gezin en veel succes als hoofd van het echolab. 

Prof.dr. Simoons, toen ik in 2004 solliciteerde voor de opleiding cardiologie in Het 
Thoraxcentrum, zag ik mezelf nog helemaal niet zo als “wetenschapper”. U zag dat 
anders en gaf me de mogelijkheid om me ruim twee en een half jaar van mijn oplei-
ding bezig te houden met promotieonderzoek. Een fantastische kans en gelukkig 
was ik vlot overtuigd. Ik wil u hartelijk danken voor het vertrouwen en voor de 
gelegenheid die u me gegeven heeft de cardiologie te leren in Het Thoraxcentrum.

Graag wil ik dr. Ten Cate, prof.dr.ir. Bijnens en prof.dr.ir. Van der Steen hartelijk 
danken voor het plaatsnemen in de leescommissie en voor de kritische beoordeling 
van mijn proefschrift. Dr. Ten Cate, bedankt voor de mogelijkheid mijn promotie-
onderzoek te doen op het echolab. De vele discussies over het bijzondere bewegings-
patroon van het hypertrofische hart van de HCM patiënt zijn altijd zeer inspirerend. 
Ik vind het een eer mijn klinische opleiding tot cardioloog te vervolgen onder uw 
opleiderschap.

Professor Bijnens, ik zal de “Linker ventrikel twist sessie” op EuroEcho 2008 in 
Lyon niet snel vergeten. De kwaliteit van de presentaties viel wat tegen. Reeds na de 
eerste presentatie had u enkele kritische, maar zeer terechte vragen en opmerkingen. 
Ook na de volgende presentaties kreeg u voortdurend geruime tijd het woord van 
de voorzitters van de sessie, die zich duidelijk bewust waren van uw kennis van het 
onderwerp. Toen u na één van de laatste presentaties leek te blijven zitten, zei één van 
de voorzitters vragend: professor Bijnens…? Waarna u toch maar weer opstond en 
met enkele rake opmerkingen “de puntjes op de i zette”. Uw inbreng zorgde ervoor 
dat wat een mislukte sessie leek te worden, uiteindelijk voor mij het hoogtepunt van 
het congres werd. Ik heb u ook zelf tijdens enkele presentaties aan het werk gezien. 
De heldere manier waarop u de vele technische facetten van de echocardiografie 
en de ingewikkelde mechanische aspecten van het bewegingspatroon van het hart 
be grijpelijk weet te maken, is telkens weer verbluffend. Ik was dan ook zeer vereerd 
toen u toezegde plaats te willen nemen in de leescommissie voor mijn promotie. 
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Hartelijk dank ook voor het feit dat u me wilde ontvangen in Barcelona, waar ik u 
persoonlijk het manuscript van mijn proefschrift af heb kunnen geven. 

Professor Van der Steen, gedurende mijn promotieonderzoek heb ik een aantal 
keer zeer prettig kunnen samenwerken met enkele mensen van de “Biomedical Engi-
neering”, de afdeling die u leidt. Het Thoraxcentrum heeft een mooie geschiedenis 
wat betreft de samenwerking tussen “klinische echo-onderzoekers” en “de ingenieurs 
van de 23-ste”. Onder uw leiding zet zich dit voort en wordt er weer regelmatig 
nieuwe geschiedenis geschreven. Ik ben er trots op dat ik hier een graantje van mee 
heb kunnen pikken tijdens mijn promotieonderzoek.

Prof.dr. De Feijter, bedankt dat u plaats heeft willen nemen in de grote commissie.  
Mede dankzij u is Het Thoraxcentrum nog altijd wereldberoemd om zijn onderzoek 
naar de noninvasieve beeldvorming van het hart. Uw onderzoek heeft er bovendien 
toe bijgedragen dat de beeldvorming van de kransslagaders middels CT-scan inmid-
dels verworden is van een interessante “research tool” tot een belangrijk diagnosticum 
in de dagelijkse praktijk. Tijdens mijn klinische opleiding tot cardioloog zal ik hier 
vast de vruchten van mogen plukken. Dank daarvoor en voor het feit dat ik mijn 
proefschrift tegenover u mag verdedigen.

Ook de overige leden hartelijk dank voor het plaatsnemen in de grote commissie.

De Romeinen hadden, heel praktisch, overal een godheid voor. Een god voor het ple-
zier, voor de slaap, voor het huishouden, voor de roes, enzovoorts. De goden werden 
gekoesterd, want zonder steun van de goden kwam je nergens. In het echolab hebben 
wij Wim Vletter, “echo god” (Wim, de bescheidenheid zelve, vindt dit natuurlijk 
maar niks, maar Wim, face it, het wordt tijd voor jouw eigen plekje op de Olympus). 
Wim is al meer dan twee decennia volop betrokken bij al het onderzoek naar nieuwe 
technieken binnen de echocardiografie. Van M-mode tot de driedimensionale echo-
cardiografie, hij weet er werkelijk alles van. Wim, zonder de vele mooie echo-opnames 
die je maakt van alle studiepatiënten, was niet alleen mijn promotieonderzoek, maar 
ook veel van het onderzoek op het echolab van de afgelopen decennia niet mogelijk 
geweest. Groot soms de frustratie als je bij een “ja, die is echt gewoon niet te echoën 
hoor”-patiënt toch weer prachtige plaatjes te voorschijn wist te toveren. Snel gevolgd 
door berusting bij het besef dat we hier met “echo god” te maken hebben. Veel 
respect voor je flexibiliteit en je niet aflatende interesse in nieuwe ontwikkelingen 
binnen de echocardiografie, die maakten dat er altijd nog wel even een studiepatiënt 
tussendoor kon. Wim, bedankt voor alles, ik hoop nog vele jaren van je kunsten te 
mogen genieten. Jackie McGhie is, net als Wim, maar dan vooral op het gebied van 
de echocardiografie bij patiënten met aangeboren hartafwijkingen, al sinds de jaren 
’80 als zeer ervaren echolaborant verantwoordelijk voor een essentiële bijdrage aan 
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een enorme hoeveelheid wetenschappelijk onderzoek. Jackie, jij was gedurende mijn 
onderzoek verantwoordelijk voor de planning van het klinische echo programma. De 
creatieve manier waarop je dit deed, maakte dat het altijd lukte om een studiepatiënt 
of een gezonde vrijwilliger zelfs op het allerlaatste moment nog ergens tussen te 
plannen. Bedankt ook voor de gezellige etentjes, traditioneel afgesloten met je heer-
lijke nagerechten volgens Schots recept. 

René Frowijn, de stille kracht achter al het computergeweld dat tegenwoordig 
nodig is om een modern echolab draaiende te houden. René, bedankt voor alle hulp, 
je geduld met mijn digibetisme, alle “scans en tiffs”, en het mogelijk maken vele echo’s 
te analyseren op “de EnConcert”. Anne-Marie, Debbie, Ellen, Linda en Marianne, 
bedankt voor jullie hulp met mijn spoedcursus echocardiografie aan het begin van 
mijn onderzoek. Lourus en Anja, jullie zijn het team later komen versterken. Allemaal 
heel erg bedankt voor jullie flexibiliteit (“jij wilt zeker weer een goeie machine… ?”) 
die het altijd mogelijk maakte de nodige studiepatiënten te includeren. 

Dr.ir. Bosch, beste Hans, bedankt voor de prettige samenwerking de afgelopen jaren. 
Bij aanvang van mijn promotieonderzoek had ik de illusie mezelf wel even volledig 
in te lezen in de technische “ins en outs” van speckle tracking. Deze “ingenieurs-
literatuur” was echter, als ik de titel al begreep, vaak toch vanaf vrij vroeg in de 
inleiding abracadabra voor mij. De nodige specialistenkennis was duidelijk vereist 
en ik dank je dan ook voor de vele belangrijke feedback die je gegeven hebt over de 
werking van de speckle tracking software. Bovendien hebben we samengewerkt aan 
een validatiestudie, waarbij we de werking van de speckle tracking getest hebben 
op een bewegend fantoom. Ik hoop onze samenwerking de komende jaren voort te 
zetten.

Hans Schuurbiers, bedankt voor de mooie computermodellen van de twistende 
ventrikels, waar ik flink de show mee heb kunnen stelen bij verschillende presenta-
ties. Willeke van der Bent, bedankt voor de onmisbare hulp bij het regelen van alle 
bureaucratie rondom mijn promotie. Alle gezonde vrijwilligers bedankt voor jullie 
medewerking. Elk artikel dat deel uitmaakt van dit proefschrift bevat informatie van 
jullie echocardiogrammen. Drs. Caliskan, Kadir, bedankt voor de hulp met de inclu-
sie van de noncompaction cardiomyopathie patiënten. Ik hoop de komende jaren 
met je verder te werken aan de mogelijke klinische toepassing van linker ventrikel 
rotatiepatronen bij deze patiëntengroep. Dr. van den Toorn, beste Leon, Drs. Jewbali, 
beste Lucia, Drs. den Uil, beste Corstiaan, hartelijk dank voor de samenwerking bij 
het pulmonale hypertensie project. Hoewel onze inspanningen tot nu toe helaas nog 
niet hebben mogen leiden tot de gewenste resultaten en publicaties op het gebied 
van de noninvasieve cardiale beeldvorming bij pulmonale hypertensie, hoop ik dat de 
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toekomst hier verandering in zal brengen. Dear Apostolos, you have been working 
now for several months on the Corevalve project, focussing on noninvasive cardiac 
imaging of patients undergoing percutaneous aortic valve replacement. I admire your 
ambition and your dedication, taking this big step to temporarily leave beautiful, 
sunny Greece and come to our small, and I guess in your opinion sometimes strange, 
“over-organized”, rainy country. I hope to continue our cooperation but also to 
increase the frequency of our non-work related meetings.

Heleen –van de verkeerde kant (van het hart)– Pilatus van der Zwaan, Laura –“wat wat 
wat wat wat?? nee ik ben NIET nieuwsgierig, maarre… wat was er nou??”– Triumph 
van Vark, en Floris Morbus Kauer (Morbus Kauer = agressieve vorm van narcolepsie 
die vooral optreedt onder werktijd), kamergenoten, mede-wetenschappers, en wat 
een ontzettend gezellig stel bij elkaar! Op een gegeven moment liepen er de hele 
dag mensen in en uit onze kamer om even een praatje te maken “want het is altijd 
zo gezellig in die kamer van jullie”. En hoewel het af en toe misschien wel een beetje 
te gezellig was, eerlijk is eerlijk, zeker als het even niet zo loopt met je onderzoek, 
is het bijzonder prettig als je de nodige steun hebt aan je collega’s. Ik had voor geen 
goud ergens anders willen zitten en ik denk dat er inmiddels een goed werkbaar, 
stimulerend evenwicht is ontstaan tussen gewoon keihard werken, discussies over 
wetenschappelijke en ethische kwesties, en de broodnodige gezelligheid. 

Heleen, ik heb veel respect voor de doortastende en vasthoudende manier waarop 
je het “3D-RV project” aanpakt. Keihard trekkend aan een project dat kort voor 
jouw begin nog een dieptepunt doormaakte, heb je inmiddels je eerste artikel de 
deur uit en heb je voor je eerste presentatie op je eerste congres van de Nederlandse 
Vereniging voor Cardiologie direct de prijs voor de beste presentatie gekregen! Heel 
veel succes verder met je onderzoek, ik heb er alle vertrouwen in dat jij er een succes 
van weet te maken! 

Laura, ambitieus stort je je op een multicentre studie naar de diagnostische en 
prognostische waarde van nieuwe biomarkers bij hartfalen. De organisatie van alle 
logistiek en bureaucratie die hierbij komt kijken, is iets waar we als medici natuurlijk 
helemaal niet voor opgeleid zijn, maar waar jij je volgens mij met verve doorheen 
slaat. De komende tijd zal de patiënteninclusie beginnen en ben je vast nog niet af 
van al het “ge-regel”, maar daarna komen die unieke data en de publicaties in goeie 
bladen er zeker! Heel veel succes verder! 

Floris, een half jaar de tijd om de linker ventrikel twist van de hypertrofische 
cardiomyopathie patiënten in kaart te brengen. De eerste periode heb je je gestort 
op de precieze werking van de speckle tracking, wat direct een bijzondere, tot dan 
toe miskende, eigenschap van de software aan het licht bracht en een “macro” ople-
verde die de tijdrovende analyses een stuk sneller maakte. Vervolgens flink patiënten 
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geïncludeerd en echo’s geanalyseerd en daarmee de doelstelling voor het half jaar dat 
je kreeg, en er inmiddels opzit, gehaald. Ik hoop dat deze periode gebracht heeft wat 
je ervan verwachtte. En vergeet niet, het wordt nu pas echt leuk: het interpreteren 
van de gegevens, de zonder twijfel komende “Eureka-momenten”, de discussies die 
je naar aanleiding daarvan zal voeren met verschillende experts, en het uiteindelijke 
opschrijven van al de opgedane wijsheden. Veel succes hiermee en heel veel geluk 
met je gezin. 

Kamergenoten, bedankt voor de mooie tijd! Hoop jullie veel te blijven zien, eerst 
nog in Ba302, later weer op “de werkvloer”, maar vooral ook daarbuiten. 

Verder gaat mijn dank uit naar dr. Schaar, dr. Nemes, en drs. Kamphuis-Menses, 
kamergenoten die in de loop der tijd hun plekken hebben afgestaan aan boven-
genoemd gezelschap. Beste Johannes, onuitputtelijke bron van onovertroffen, altijd 
inspirerende anekdotes over muziek, wetenschap, reizen, politiek, enz. enz. Ik hoop 
dat je bij Cardialysis je plek vindt en het succes krijgt dat je verdient. Ik heb genoten 
van de tijd dat ik je op Ba302 mee heb mogen maken. Dear Attila, thanks for intro-
ducing me into the world of science and sharing your extensive experience with the 
submission of papers, the review process, and so on. Keep up the good work in Hun-
gary! Beste Marjolein, veel succes verder met je klinische opleiding tot cardioloog.

Jaco Houtgraaf, al jaren kruisen voortdurend onze wegen. Bij mijn eerste avond-
dienst in het studententeam op de afdeling cardiologie van Het Thoraxcentrum, 
was jij degene die mij inwerkte. Jaren later stonden we ineens als “oudste-co” en 
arts-assistent op diezelfde afdeling. Dezelfde verpleging die ons eerst vertelde 
wat er allemaal nog bijgevuld moest worden en welke patiënt er graag nog koffie 
wilde (zonder negatieve bijklank, ik heb het werk met veel plezier gedaan), moest 
nu ineens van ons aannemen dat medicatie veranderd moest worden, een patiënt 
voor een interventie moest, met ontslag kon of juist niet. Best trots geloof ik dat we 
ons er aardig doorheen geslagen hebben, want in 2004 solliciteerden we in dezelfde 
sollicitatieronde voor de opleiding tot cardioloog en waren wij de enige twee die 
werden aangenomen. En nu, tijdens ons promotieonderzoek, kruisen onze wegen 
elkaar wederom. Nieuwe echo-technieken als speckle tracking en driedimensionale 
echocardiografie kunnen in potentie een belangrijke bijdrage leveren aan de evaluatie 
van het effect van stamceltherapie bij patiënten na een hartinfarct, het onderwerp van 
jouw promotieonderzoek. Vele echo’s hebben we dan ook gemaakt bij jouw patiënten 
en de komende tijd gaat ons veel leren over het nut van de stamceltherapie en de 
noninvasieve beeldvorming bij deze patiënten. Veel succes verder met je promotie-
onderzoek en heel veel geluk met je (op dit moment nog naderende) vaderschap. 
Via Jaco was ik ook betrokken bij een studie naar het effect van stamceltherapie 
bij schapen na een geïnduceerd hartinfarct en kwam ik in contact met Renate de 
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Jong. Renate, de manier waarop jij, toen nog medisch student, alles regelde en onder 
controle had op dat proefdierlab vond ik indrukwekkend. Ik weet zeker dat je je 
weg gaat vinden binnen de cardiologie. Dr. Duckers, bedankt voor de mogelijkheid 
mee te werken aan bovengenoemde projecten en een bijdrage te leveren aan jullie 
ongetwijfeld baanbrekende onderzoek.

Dr. Soliman, dear Osama, for the last two and a half years you have not only been 
one of the best collegues one could ever want, but you have also become a very good 
friend. You have showed me around in the world of science, taught me everything 
about how to submit a paper, deal with reviewers’ comments, submit an abstract for 
a congress, review an article, and so on. Your extensive knowledge not only about 
echocardiography, but also cardiology in general is impressive, and you have always 
been a great help. I will never forget the congresses we have visited together: Vienna, 
Orlando, Munich, and Lyon. The returning mistake (?) of inquisitively spending too 
much time in the congress center, not seeing enough of the city itself. However, fully 
compensated for by nice dinners and endless discussions about life, science, conspi-
racy theories, history and politics. Thanks for these inspiring discussions, thanks for 
all your help with my research, and thanks for your friendship. It was an honour to be 
at your side during the defence of your thesis, and now it is an honour to have you at 
my side during my defence. Whatever you will decide about your future and whether 
this will be in the Netherlands, the USA, or Egypt, I am convinced that you will be 
very succesfull, both as a clinical doctor and as a scientist. Finally Osama, I hope the 
future will bring you a lot more, as you call it, “truly happy days”!
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Je gaat je weg. Het leven lacht je toe, en de af te leggen route ontvouwt zich op een natuur-
lijke, logische, haast vanzelfsprekende manier. Bewust van het geluk met de kwaliteit van 
de weg probeer je te genieten van elke stap. Dat lukt pas echt met iemand naast je, dezelfde 
route, alles delend, houdend van elkaar, onvoorwaardelijk samen. En hoewel voorzichtig 
met vooruitkijken, af en toe toch stiekem het verdere verloop van de weg inschattend, soms 
tot aan de horizon, samen “voorgenietend” van het moois dat op het pad zou liggen. 

Maar zo is het leven ineens uitgelachen. Groot verdriet, het verlies van haar aan je 
zijde. De weg lijkt nu een modderpad, de af te leggen route niet meer zo vanzelfsprekend. 
Je voelt je verdwaald, gaat zitten, de weg kwijt, niet meer verder. Maar al snel zijn zij 
er, ieder met hun eigen verdriet, die je overeind helpen en de goede kant opduwen. Stap 
voor stap weer op weg. Het verdriet als een zak lood op je schouders, waar je voortdurend 
onder lijkt te bezwijken. Zij die het gewicht wel van je over willen nemen, maar het 
kan niet, je moet het zelf dragen. Maar je rug wordt sterker, eelt op je schouders, de stap 
weer wat krachtiger. Hoewel de last hetzelfde blijft, wordt daarmee de weg weer wat beter 
begaanbaar. En zie je het toch even niet zitten, dan zijn zij nooit ver weg. Met een steuntje 
in de rug houden ze je op de been. 

Lieve Thérèse, ik wil niet eens beginnen na te denken over hoe ik ooit de afgelopen 
drie jaar door had moeten komen zonder jouw steun. Het feit dat je ondanks je eigen 
verlies de kracht hebt om mij zo bij te staan, zegt alles over de unieke persoon die je 
bent. Ik ben je onvoorstelbaar dankbaar voor je onvoorwaardelijke steun. Lieve Jan 
en Hennie, bedankt voor alle support en de onveranderde gastvrijheid. Jullie zullen 
altijd mijn schoonouders blijven.

Lieve Tim, mijn grote kleine broer, je altijd haast vanzelfsprekende nabijheid 
is een ongekende luxe die maakt dat ik me misschien niet vaak genoeg realiseer 
hoe zeer ik het getroffen heb. Hoewel instinctmatig gevoed vanuit een natuurlijke 
“broederliefde”, gaat onze vriendschap nog vele malen dieper dan dat. Ik ben er trots 
op dat je naast me staat bij de verdediging van mijn proefschrift en hoop je de rest 
van mijn leven aan mijn zijde te hebben. Lieve Monique, die broer van mij heeft het 
maar getroffen met jou. Als ik terugdenk aan jouw woorden in december, doet me dat 
nog altijd veel. Ik gun jullie ook heel veel van die “echte liefde” en een lang gelukkig 
leven samen. Lieve Alieke, je was er op de moeilijkste momenten. Ook daarna was je 
support er vaak precies als het nodig was. Dank je wel.

Tenslotte mijn lieve ouders. Jullie ongekende trots op mij is altijd een grote 
motivator geweest. Maar deze trots zou jullie minstens zo trots op jullie zelf moeten 
maken. Jullie gaven mij de vertrouwde, liefdevolle, ongecompliceerde omgeving 
waarin ik heb kunnen opgroeien en de natuurlijke vanzelfsprekendheid waarmee ik 
altijd mijn eigen keuzes heb kunnen maken. Bedankt voor jullie onvoorwaardelijke 
steun en liefde. Bedankt voor alles. 
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Lieve Nathalie, wat zou je trots geweest zijn. Ik mis je naast me, je lach, je liefde.

Jouw levensvreugde is mijn grote inspiratiebron en brengt me waar ik vandaag ben. 

Ik hou van je, voor altijd. 
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