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Aims

and results

Decreased left ventricular (LV) rotation and torsion and even reversed systolic apical rotation have been described in
patients with dilated cardiomyopathy (DCM). We sought to test in patients with DCM whether reversed apical
rotation with loss of LV torsion is related to the extent of LV remodelling and to the severity of LV dysfunction.

Fifty consecutive patients with DCM (aged 49 + 13 years) were enrolled prospectively. Forty-seven healthy volun-
teers served as controls. All subjects underwent clinical examination, 12-lead electrocardiography, and a comprehen-
sive echocardiogram. Basal and apical LV rotation and LV torsion were quantified by speckle tracking
echocardiography. Left ventricular systolic rotation and torsion were reduced in patients, compared with controls
(P < 0.001). Normally directed (counterclockwise) apical rotation was found in 24 patients (group 1), whereas 26
had reversed (clockwise) apical rotation (group 2). Patients in group 2 had larger LV volume, increased LV sphericity
(P < 0.02), more severe systolic dysfunction (ejection fraction 26 + 7 vs. 33 + 12%), and higher filling pressures (E/E’
ratio 19 + 10 vs. 14 + 6; P < 0.05). The main correlates of LV apical rotation were LV volume, sphericity index, and
QRS duration.

Conclusion Reversed apical rotation and loss of LV torsion in patients with DCM is associated with significant LV remodelling,
increased electrical dyssynchrony, reduced systolic function, and increased filling pressures, indicating a more
advanced disease stage.

Keywords Dilated cardiomyopathy e Left ventricular remodelling e Apical rotation e Left ventricular torsion e Speckle
tracking echocardiography

Introduction apical back rotation causes a fast decline of LV pressure, playing

Left ventricular (LV) torsional deformation is generated by the
contraction of the left ventricle’s helically oriented myofibres.
When viewed from the apex, systolic rotation of the base is clock-
wise, while apex rotation is counterclockwise. Left ventricular
torsion allows a uniform distribution of fibre stress and fibre short-
ening across the wall, representing a critically important mechan-
ism for both ejection and filling."* Systolic apical rotation is the
main determinant of LV systolic torsion, while rapid diastolic

an important role in the suction of blood into the LV, promoting
its filing at low pressures.*® Therefore, a normally functioning
LV apex is very important for normal cardiac performance.
Speckle tracking echocardiography (STE) has recently been pro-
posed and validated as a feasible method for measuring LV rotation
and torsion.®’

We have recently observed a group of patients with dilated car-
diomyopathy (DCM) in whom systolic apical rotation, assessed by
STE, was reversed (i.e. clockwise). These patients had severe LV
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remodelling (in terms of size and shape) and severe systolic and
diastolic dysfunction. We speculated that reversed apical rotation
with consequent loss of LV torsion is due to severe dilation and
increased sphericity of the LV associated with significant changes
in myofibre orientation. In turn, loss of LV torsion leads to
further decline in LV function, perpetuating a vicious circle. The
purpose of this study was, therefore, to address the
following hypotheses in patients with DCM: (i) reversed apical
rotation is related to severe LV structural remodelling; and (ii)
reversed apical rotation is associated with more severe LV
dysfunction.

Methods

We studied 88 consecutive patients with DCM who had been referred
to our echocardiography laboratory for LV function assessment. The
diagnosis of DCM was established by: (i) the presence of LV dilation
(LV systolic volume indexed to body surface area >30 mL/m?); (ii)
LV ejection fraction (LVEF) <50%; (iii) absence of coronary artery
disease on history, echocardiography, and/or coronary angiography;
(iv) absence of primary valvular heart disease; (v) absence of cardiac
muscle disease secondary to neuromuscular diseases or any known
systemic condition; and (vi) absence of echocardiographic criteria for
infiltrative heart disease, LV non-compaction, or hypertrophic cardio-
myopathy. After the exclusion of patients with a poor acoustic window
or who were technically unsuitable for speckle tracking analysis
(10 patients), non-sinus rhythm (23 patients), and cardiac pacemaker
(5 patients), the remaining 50 patients with DCM were analysed. Cor-
onary angiography was performed in 30 of these 50 patients before
echocardiography, for routine clinical purposes, at the discretion of
the referring physician. Forty-seven age-matched healthy volunteers
served as the control group. They had no evidence of heart disease
by physical examination, electrocardiography (ECG), or echocardio-
graphy, and were taking no medication.

All subjects underwent clinical examination, 12-lead ECG, and a
comprehensive echocardiogram. All patients were on appropriate
medical therapy including beta-blockers, ACE inhibitors, and diuretics.
The investigation conforms with the principles outlined in the Declara-
tion of Helsinki. All subjects gave their informed consent to participate
in the study, the protocol of which was approved by the local Ethics
Committee.

Echocardiography

All subjects underwent two-dimensional conventional Doppler echo-
cardiography and STE. Images were obtained using a cardiac ultrasound
machine (Vivid 7 Dimension; GE Healthcare, Milwaukee, WI, USA)
equipped with a 4S probe. Greyscale images were obtained using
second-harmonic imaging. Endocardial LV fractional shortening
(LVFS) was calculated according to the American Society of
Echocardiography/European Association of Echocardiography rec-
ommendations.® Left ventricular volumes and LVEF were measured
using the modified Simpson’s rule from apical six-chamber views and
were normalized to body surface area. Left ventricular mass was calcu-
lated by the equation of Devereux et al’ The overall LV chamber
shape was evaluated using the sphericity index, calculated as the
ratio between the long and minor axis dimensions, obtained at end-
diastole from the apical four-chamber view.

Peak systolic (S) and peak early diastolic mitral annular velocities (E’)
were obtained by pulse wave tissue Doppler imaging from the apical
four-chamber view using the septal site. The ratio of peak early

diastolic transmitral flow velocity E to septal E' was used to assess
LV filling pressure.’® Mitral regurgitation was assessed qualitatively by
Doppler echocardiography (mild, moderate, and severe)."’

Greyscale digital cine loops triggered to QRS complexes were
acquired from two LV short-axis planes at the basal and apical levels
for rotation and torsion analysis. Care was taken to ensure that the
basal short-axis plane contained the mitral valve. The apical plane
was acquired distally to the papillary muscles and transducer position
was optimized to ensure a proper, circular short-axis cut, as previously
described.”? In each plane, three consecutive cardiac cycles were
acquired during breath-hold at a frame rate of 60—100 frames/s,
without using dual focus, and stored on hard disk for off-line analysis
using commercially available software (EchoPAC PC 8.0; GE Health-
care). Off-line analysis was performed by a single observer blinded
to clinical data.

The region of interest of the LV was from the endocardial margin to
the epicardial margin, thus delineating the entire circumference. The
width of the region of interest was adjusted as needed to fit the wall
thickness, as previously described.” The tracking quality of each
segment was indicated by the software, and segments with insufficient
tracking quality were excluded. This method has already been validated
against tagging MRI for measuring LV torsion.”

Averaged apical and basal rotation data were used to calculate LV
twist and torsion. Left ventricular twist was calculated as the net differ-
ence in LV rotation at isochronal time points between the apical and
basal short-axis planes. The short-axis views at the apical and basal
levels were recorded immediately one after another in order to
select cardiac cycles with identical or very similar heart rates for the
measurement of apical and basal rotation. Mean heart rate was
69.1 + 104 bpm for recordings at the basal level and 68.9 +
10.6 bpm at the apical level. Moreover, the software used did not
allow calculation of LV twist by this method if there was a significant
difference in heart rate between cycles used to measure apical and
basal rotation.

Left ventricular torsion was defined as LV twist divided by LV dias-
tolic longitudinal length measured in the four-chamber view. Particular
attention was paid to the direction of systolic apical rotation: normal
(counterclockwise) or reversed (clockwise), which was documented
for each patient. The following measurements were performed: peak
basal and peak apical rotation, peak LV twist, peak LV torsion (Figure 1).

Statistical analysis

Measurements are presented as mean + SD. Variables were compared
using Student’s t-test, analysis of variance, or the x? test as appropriate.
Relationships between different parameters were assessed by corre-
lation analysis (the Pearson’s method). Measurement variability was
assessed for peak apical and peak basal rotation in a randomly selected
group of 15 patients with DCM. For inter-observer variability,
measurements were carried out by a second operator on previously
acquired images, but not necessarily the same heart beats. For
intra-observer variability, two sets of measurements were carried
out by the same operator, 1 month apart. Variability was calculated
as the absolute difference between two measurements divided by
the mean of the two measurements. All statistical analyses were per-
formed using SPSS 14.0 software for Windows (SPSS, Chicago, IL,
USA). A two-sided P-value of 0.05 was considered significant.

Results

Clinical characteristics of the study group are presented in Table 1.
No significant differences were noted in age, heart rate, and body
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Figure 1 Two-dimensional apical four-chamber views (top), speckle-tracking left ventricular (LV) rotation curves (middle), and schematic
representations of LV geometry and rotation (bottom) in a normal subject (A); a DCM (+4) patient (B); and a DCM (—) patient (C). Top
row: progressive increase in LV dimensions and sphericity, from normal (A) to DCM with severe LV remodelling (C). Middle row: (A)
normal LV apical (blue) and basal (green) rotation curves; (B) normally directed, but reduced in amplitude LV rotation curves; (C) reversed
apical rotation with clockwise (—) motion of both apex and base in the patient with severely dilated LV. Bottom row: changes in LV geometry
and LV rotation at basal (green arrow) and apical (blue arrow) levels from normal (A) to mildly dilated (B), and severely dilated LV (C). The
amplitude of both basal and apical rotation is reduced but normally directed in the patient with DCM and mildly dilated LV (B). Reversed apical

rotation is seen in association with severe LV remodelling (C).

surface area between patients with DCM and control subjects. Dis-
tribution of New York Heart Association (NYHA) class among
patients with DCM was as follows: 17 patients were in class I,
23 in class lll, and 10 in class IV. Coronary arteries were normal
in all the patients who underwent coronary angiography. The
mean frame rate of data sets obtained from greyscale images
was 76 + 8 in patients and 84 + 14 in controls.

Patients with DCM had significantly larger LV dimensions (diam-
eter, volume, and mass), sphericity indices, and E/E’ ratios. As
expected, LVFS, LVEF, and systolic and diastolic mitral annular vel-
ocities were significantly lower in patients than in control subjects
(Table 2).

In patients with DCM, LV rotation was reduced at both apical
(0.1 +£5.5 vs. 158 + 6.3°, P < 0.001) and basal (—2.8 + 3.1 vs.
—6.0 +2.8°, P <0.001) levels compared with control subjects.

A reversed systolic LV apical rotation was observed in a subgroup
of patients with DCM. We divided patients with DCM in two
subgroups, accordingly: 24 patients had normally directed (counter-
clockwise) apical rotation, DCM (+), and 26 patients had reversed
(clockwise) apical rotation, DCM (—). There were no significant
differences between these two subgroups in terms of age, body
surface area, heart rate, blood pressure, or medication. The
NYHA class was higher in patients with reversed apical rotation,
but the difference did not reach statistical significance.
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Table | Clinical characteristics

Controls DCM P-value
(n = 47) (n = 50)
Men, n (%) 16 (34) 41 (82) <0.001
Age (years) 45+ 13 49 +13 0.08
Heart rate (bpm) 69 + 10 73 +£13 0.09
Body surface area (kg/m?)  1.80 + 0.17 1.86 + 0.17 0.14
Systolic blood pressure 114+ 8 110 + 15 0.10
(mmHg)
Diastolic blood pressure 69 + 4 68 + 9 0.26
(mmHg)
QRS duration (ms) 8545 132 + 37 <0.001

Table 2 Echocardiographic variables in control
subjects and patients with dilated cardiomyopathy

Controls DCM P-value

(n = 47) (n =50)
LVEDD (mm/m?) 27 +2 40+7 <0.001
LVESD (mm/m?) 16 +2 34+8 <0.001
LVEDV (mL/m?) 51+8 128 + 60 <0.001
LVESV (mL/m?) 19+4 93 + 49 <0.001
LV sphericity index 190+ 0.2 157+ 0.2 <0.001
LV mass (g/m?) 86 + 12 194 + 65 <0.001
LVFS (%) 40+ 5 16+6 <0.001
LVEF (%) 61+ 3 29 + 11 <0.001
Peak S (cm/s) 75+ 11 42+15 <0.001
Peak E (cm/s) 100 +22 50+19 <0.001
E/E’ ratio 8+2 17 +9 <0.001

LVEDD, left ventricular end-diastolic diameter; LVESD, left ventricular end-systolic
diameter; LVEDV, left ventricular end-diastolic volume; LVESV, left ventricular
end-systolic volume; LVFS, left ventricular fractional shortening; LVEF, left
ventricular ejection fraction.

Larger LV dimensions (diameters, volumes, and mass) and
increased sphericity were found in DCM (—) patients (Table 3).
These patients also had significantly lower values for echocardio-
graphic parameters of LV systolic function (LVFS and LVEF) and
increased LV filling pressures (higher E/E’ ratios). Degree of
mitral regurgitation and QRS duration were significantly higher in
the DCM (—) group (Table 3).

In the DCM (+) group, peak basal rotation was —2.5 + 3.4°
and peak apical rotation was 5.1 + 2.8°. Left ventricular torsion
was lower in DCM (4) patients than in control subjects: 0.7 +
0.4 vs. 2.6 + 0.8° per cm, P < 0.001. Five patients in the DCM
(+) group had reversed basal rotation.

In the DCM (—) group, peak basal rotation was —3.0 + 2.9°
and peak apical rotation was —4.4 + 2.9°. Therefore, LV torsion
was basically lost in this group, with a calculated mean value of
—0.1 £ 04° per cm, significantly lower than in the DCM (+4)
group and than in normals (P < 0.001 for both). There were

Table 3 Clinical and echocardiographic variables in the
two groups of patients with dilated cardiomyopathy

DCM (+) DCM (-) P-value
(n=124) (n=26)
Men, n (%) 18 (75) 23 (88) 0.2
Age (years) 51+13 48 +13 0.4
Body surface area (Kg/m?) 1.85+0.19 186+015 07
Heart rate (bpm) 75+ 13 72+ 13 0.3
QRS duration (ms) 114 + 33 147 + 38 0.004
Mitral regurgitation 1.34+0.8 18+ 0.8 0.03
degree (0-3)

LVEDD (mm/m?) 37+7 42+7 0.02
LVESD (mm/m?) 3117 36+8 0.01
LVEDV (mL/m?) 107 + 44 148 + 66 0.01
LVESV (mL/m?) 75 + 40 110 £+ 51 0.01
LV sphericity index 1.64 + 0.19 151+ 0.20 0.02
LV mass (g/m?) 173 + 48 213+ 72 0.02
LVFS (%) 18+ 6 1445 0.01
LVEF (%) 33+12 26+7 0.02
Peak S (cm/s) 45+15 39+ 14 0.10
Peak E (cm/s) 56+19 44 +17 0.04
E/E' ratio 14+ 6 19+ 10 0.04

Abbreviations as in Table 2.

four patients in the DCM (—) group having reversed basal
rotation.

Apical rotation was significantly different between the two DCM
groups (P < 0.001), whereas basal rotation was not different (P =
0.50).

Left ventricular apical rotation and LVEF represented the main
correlates of LV torsion (r=0.93, r=0.72, respectively, P <
0.001 for both). The main correlates of LV apical rotation (analysed
as a continuous variable) in patients with DCM were: LV systolic
and diastolic volumes (r= —036, P=0.01; r=—-037, P=
0.007 respectively), LV sphericity index (r = 0.34, P = 0.01), LVFS
(r=0.38, P=0.006), and QRS duration (r= —0.48, P = 0.001).
A significant inverse correlation was found between QRS duration
and LVEF in patients with DCM (r = —0.33, P = 0.023).

Intra-observer variability for measuring LV peak basal and peak
apical rotation was 8.0 + 6.7 and 6.6 + 5.8%, respectively. Inter-
observer variability for the same parameters was 13 +7
and 11 + 8%, respectively. Of note, the agreement between the
two observers with respect to the direction of apical rotation
(+ or —) was 100%.

Discussion

The main findings of this study are: (i) in patients with DCM, severe
LV dilation and increased sphericity are related to decreased or
even reversed systolic apical rotation; (ii) reversed systolic apical
rotation with consequent loss of LV torsion reflects a more
advanced disease stage with more severe LV remodelling, LV
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dyssynchrony, and more severe systolic and diastolic dysfunction
compared to patients with DCM and normally directed apical
rotation.

Left ventricular size and shape: relation
with torsional behaviour

The geometry of the normal LV has been assimilated to a
prolate ellipsoid with its long axis directed from apex to base.
The LV myofibres geometry changes smoothly from a slightly
oblique orientation in the subendocardium to a circumferential
orientation in the mid-wall and again to an oblique orientation
in the subepicardium.’*~"> The size and shape of the LV
change in patients with DCM as the enlarged ventricle develops
a spherical configuration. Thus, significant changes in LV
rotational behaviour would be expected in this setting. Indeed,
a decreased and delayed systolic torsion, depressed, delayed,
and disorganized untwisting were previously reported in patients
with DCM."®

Although reversed systolic apical rotation has recently been
described in patients with DCM, the prevalence of such an
abnormality, its determinants, and clinical implications have not
been studied.’®*'" We found reversed apical rotation in a high
percentage of patients with DCM (52%). A more severe LV remo-
delling was observed in these patients compared with those with
normally directed apical rotation. Moreover, in patients with
DCM, LV apical rotation was significantly related to LV diameters,
volumes, and sphericity index. One may assume that such a pattern
of apical rotation in patients with DCM and severely dilated ventri-
cles could be explained by increased LV sphericity leading to
widening of the apex. This results in the loss of the oblique archi-
tecture of the ascending and descending apical loop fibres which
become more transverse and more closely resemble the horizon-
tal fibre orientation of the basal loop.

In a recent paper van Dalen et al.?? assessed LV twist character-
istics in two small groups of patients with non-compaction cardio-
myopathy (NCCM) and with DCM. A reversed systolic apical
rotation with the loss of LV torsion was only observed in patients
with NCCM. As a consequence, the authors proposed reversed
apical rotation as a new diagnostic criterion for NCCM. It should
be noted that in their study, LV diameters, volumes, and LVEF in
patients with DCM were similar to those of our DCM (+) sub-
group. Therefore, the lesser degree of LV remodelling in their
patients could explain the lack of identification of reversed apical
rotation in patients with DCM in that study.

Reversed apical rotation, assessed by tagging magnetic reson-
ance imaging, was also found by Setser et al."® in 12/21 patients
with DCM, a proportion similar to that found in our study. As
LV end-diastolic volumes and LVEF were provided for each
patient in that article, we calculated their mean values in patients
with normally directed and with reversed apical rotation. End-
diastolic volumes were significantly increased and LVEF was
more severely reduced in patients with reversed apical rotation,
supporting our findings.

More recently, Meluzin et al.*' have also reported reversed
apical rotation in 11/37 patients with idiopathic DCM.

Left ventricular function and rotational
dynamics

Left ventricular torsion is a critically important mechanism for the
efficiency of LV function. In our study, the amplitude of LV systolic
rotation at both basal and apical levels and LV torsion were
reduced in patients with DCM compared with normal subjects.
There was also a significant correlation between LV torsion and
degree of systolic dysfunction in patients with DCM, as previously
reported."”’

The importance of a normally functioning LV apex for normal
cardiac performance is well known.>*** Left ventricular apical
rotation represents the main determinant of global LV systolic
torsion, while rapid apical back rotation plays an important role
in the suction of blood into the LV, promoting its filling at low
pressures."‘5 Moreover, Kim et al®® demonstrated that in normal
subjects LVEF correlated with apical, but not with basal rotation,
whereas only basal rotation was age-related, suggesting the clinical
relevance of apical rotation for assessing LV systolic performance
even without the complex calculation of LV torsion.

Therefore, we presumed that LV systolic and diastolic perform-
ance would be more severely impaired in patients with reversed
systolic apical rotation compared with those with normally
directed apical rotation. We found significant differences in echo-
cardiographic parameters of both systolic and diastolic function
between the two groups. Left ventricular ejection fraction and
LVFS were reduced, whereas LV filling pressures were increased
in patients with reversed apical rotation.

A higher degree of MR in patients with reversed apical rotation
and severe LV remodelling is not unexpected. It was recently
shown that untwisting is delayed and slowed in patients with
chronic severe primary MR and normal LVEF.?® In our study, the
difference in MR severity between the two DCM groups is most
likely secondary to different degrees of LV remodelling. It is unli-
kely that MR degree by itself (only 1.8 + 0.8 in the most severe
group) had significantly influenced LV rotational patterns.

These results illustrate the intimate relationship between LV
size, shape, and function: progressive LV dilation and increased
sphericity lead to changes in myofibre orientation and in torsional
dynamics. In turn, these changes lead to further deterioration of
systolic and diastolic LV function.

QRS duration and left ventricular
torsional behaviour

QRS duration is a significant predictor of LV systolic dysfunction in
patients with heart failure. An inverse correlation exists between
QRS duration and LVEF. Patients with heart failure and wide
QRS complex have a higher all-cause mortality compared with
those with narrow QRS complex.””?®

We also found a significant inverse correlation between QRS
duration and LVEF in patients with DCM. Mean QRS duration
was significantly higher in DCM (—) patients (Table 3) indicating
a higher degree of electrical dyssynchrony. In patients with
DCM, the amplitude of apical rotation was inversely related to
QRS duration irrespective of the apical rotation pattern.
Whether reversed apical rotation is only related to more severe
LV structural remodelling or is partly due to higher electrical
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dyssynchrony needs further study. The fact that there were
patients with very wide QRS complex yet normally directed
apical rotation and patients with normal QRS duration and
reversed apical rotation suggests electrical dyssynchrony could
not solely explain reversed apical rotation in this setting.

Measuring left ventricular rotation by
speckle tracking echocardiography

Speckle tracking echocardiography is a feasible technique and
allows new insights into the mechanisms of LV dysfunction in
patients with DCM. The short-axis plane at the apex provides
better acoustic conditions than at the base, and through-plane
motion is minimal because of the limited longitudinal motion of
the apex. Accordingly, speckle tracking at a distal apical short-axis
plane is superior to what is achieved at the LV base.* In addition,
the smaller size of the circular cut at the apex makes its recording
easier in DCM, whereas the basal cut is sometimes difficult to
include in a short-axis view in patients with very dilated ventricles.

Clinical implications

Our findings suggest that in patients with DCM, the progressive
impairment of LV performance involves not only the increase in
LV dimensions and sphericity, but also important changes in the
pattern of LV rotation, most notably reversed apical rotation. It
would be of interest to prospectively test whether patients with
DCM and normally directed apical rotation develop reversed
apical rotation during progression of LV remodelling.

The findings of our study highlight the importance of a normal
apical rotation and preserved LV torsion for maintaining ventricular
performance. This underscores the potential clinical benefits of
therapeutic procedures such as cardiac resynchronization
therapy (CRT) or apex-sparing volume reduction surgery in
patients with DCM.?

Sade et al."’ have recently described the effect of CRT on LV
rotational mechanics. Of their 54 patients with DCM, seven had
reversed apical rotation. This normalized in all of the responders
after CRT except for one, who had ischaemic DCM with apical
scar tissue. As we found reversed apical rotation in a significant
proportion of our patients with DCM, this rotational parameter
could be a useful marker to be assessed before and after CRT.
Whether reversed apical rotation may help identify responders
to CRT remains to be tested.

Study limitations

A larger sample size may be needed to demonstrate statistically
significant clinical differences in terms of the NYHA class, a
rather crude measure of functional capacity.

Although every effort was made to exclude coronary artery
disease in our study group, this cannot be completely ruled out
in the 20 patients in whom coronary angiography was not per-
formed. However, studies reporting the effects of myocardial
ischaemia on LV torsion described a reduction in LV apical rotation
or even supranormal apical rotation with acute subendocardial
ischaemia, but not reversed apical rotation. Therefore, we
believe the association of reversed apical rotation with more
severe LV remodelling found in our study holds true.

We recognize the technical limitations specific to the analysis of
LV rotation and torsion by STE. However, the main finding of this
study is based on an easy to assess rotational parameter (rotation
direction: 4+/—), while measurement variability for peak apical and
peak basal rotation was rather low in our study.

Conclusions

Reversed apical rotation and loss of LV torsion in patients with
DCM is associated with significant LV remodelling, altered ventri-
cular geometry, increased electrical dyssynchrony, reduced systolic
function, and increased LV filling pressures. These findings identify
a subgroup of patients with more advanced disease.
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