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Abstract

Purpose: To introduce a standardized method for calculation of left ventricular torsion by CMR
tagging and to determine the accuracy of torsion analysis in regions using an analytical model.

Methods: Torsion between base and apex, base and mid, and mid and apex levels was calculated
using CSPAMM tagging and Harmonic Phase tracking. The accuracy of torsion analysis on a regional
basis (circumferential segments and transmural layers) was analyzed using an analytical model of a
deforming cylinder with a displaced axis of rotation (AoR). Regional peak torsion values from
twelve healthy volunteers calculated by the described method were compared to literature.

Results: The deviation from the analytical torsion per % AoR-displacement (of the radius) was 0.90
* 0.44% for the circumferential segments and only 0.05% for the transmural layers. In the subjects,
circumferentially, anterolateral torsion was larger than inferior (12.4 £ 3.9° vs. 5.0 + 3.3°, N.S.).
Transmurally, endocardial torsion was smaller than epicardial (7.5 £ 1.3° vs. 8.0 £ 1.5°, p < 0.001).

Conclusion: Variability in the position of the AoR causes a large variability in torsion in
circumferential segments. This effect was negligible for global torsion, and torsion calculated in
transmural layers. Results were documented for the healthy human heart and are in agreement
with data from literature.

Introduction

Torsion is the wringing motion induced by contracting
myofibers in the left ventricular (LV) wall, in order to eject
blood from the ventricle. The subsequent fast untwisting
during early diastole is a major indicator of the restoring
forces that contribute to rapid filling, since the blood is
actively sucked from the left atrium [1] into the LV.

Subendo- and subepicardial myofibers are obliquely ori-
ented in opposite directions, with a smooth, transmural
transition between the fiber directions [2]. Since torsion is

directly related to myofiber orientation, structure, and
function, it is an important indicator for the condition of
the heart. Torsion was found to be a sensitive marker for
both systolic and diastolic dysfunction [3-10]. This may
allow for an early differentiation between diseased and
normal myocardium, and discrimination between systolic
and diastolic heart failure.

However, no uniform method to calculate torsion is yet
available. There is still a debate on how to describe and
analyze LV torsion in an optimal way. Several methods to
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describe torsion have been published [11-13]. Calcula-
tion of torsion as the circumferential-longitudinal (CL)
shear angle, takes both the length and the radius of the
heart into account (Fig. 1). Therefore, it allows for com-
parison between hearts of different sizes and is directly
related to fiber orientation and the processes in the car-
diac wall [14]. In this article, this definition is used as the
torsion.

Furthermore, the question whether analysis of torsion on
a regional basis is clinically useful, remains unanswered.
In studies on healthy subjects, information on reference
values of regional torsion is available [11,15,16], whereas
in patient studies, data on regional torsion is scarce. The
canine study by Buchalter et al. [17], showing that inferior
wall ischemia influenced both inferior and anterior wall
rotation, illustrates that torsion is a global measure of
heart function.

An important issue that may affect analysis of regional tor-
sion is the definition of the axis of rotation (AoR).

Figure |

A sketch of a basal and an apical plane and the torsional
deformation. Twist is defined as (@, - Ppse), the twist per
unit length as (P, - Ppgse)- Py /D and the torsion T (CL
shear angle) as (@ ey - Ppose)- Pr/D, With p,, the mean radius
of the basal and apical level, in the undeformed and the
deformed state. Counterclockwise rotation as seen from the
apex is positive.
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Regional differences in torsion might be explained by the
placement of the AoR. Although not previously applied, it
was suggested that the AoR might be the center of mass of
both the LV and the right ventricle (RV) together [15,16],
which places the point closer to the septum than when
only the LV mass is taken into account (Fig. 2). Besides the
uncertainty in definition, the accuracy of the AoR will also
depend on correct contouring of the cardiac wall.

In this paper, a method is described that is comparable
between subjects and is relatively fast to calculate. It com-
putes torsion from existing techniques such as tagging and
HARP-tracking. Furthermore, it is investigated whether it
is feasible to calculate rotation and torsion on a regional
basis. By absence of a gold standard for torsion calcula-
tion, an analytical test case is used. The results obtained in
healthy subjects are presented and compared to values
from literature.

Methods

Calculation of rotation

The rotation of material points inside the LV myocardium
at a certain level is calculated as the rotation ¢ around the
AoR in a cardiac phase ¢ relative to the previous cardiac
phase using a cross product as follows:

_ . A(t-1)xA(t)
¢(t) = arcsin [ 7| A-D) ” AQ) | ] (1)
where
kx(t) - Cx(t)
A :(ky(t)—cy(t)J @

with k a point in the myocardium and ¢ the AoR. |A(t)] is
the radius of a point. After the rotation has been calcu-
lated for every point, the rotations are averaged to gener-
ate a global mean rotation ¢,,. The rotation @ at a
timeframe n is then set relative to the first timeframe as
follows:

®(n)= Y 0(1) (3)
t=1

Calculation of torsion

The radius p of the ventricle at a certain level is calculated
as the average of the radii of every myocardial point k. To
calculate the torsion T at timeframe ¢ as the mean CL shear
angle from the rotation @, first the base rotation is sub-
tracted from the apical rotation and divided by the dis-
tance D between the base and apex levels. This gives the
twist per unit length. Then, the result is multiplied by the
mean radius p,, of the two levels and the first and the cur-
rent cardiac phase, to take the mean radial location of the
rotating point into account:
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Figure 2

A displaced axis of rotation results in a different observed
rotation angle for the same displacement (a). Inclusion of the
RV mass in the calculation of the AoR as the center of mass
will move the AoR more towards inferoseptal (b).

_ ( Papex()+Papex(1)+Pbase(t)+Pbase(1) )

" 4
4)
T(t) = ((Dapex(t)_q;base(t) )’Pm (5)

Regional rotation and torsion

To calculate rotation or torsion on a regional basis, the
myocardium was divided in circumferential segments and
transmural layers (Fig. 3). For circumferential analysis, the
rotation and the radius were averaged over the image
points within circumferential segments. Torsion was cal-
culated for each of the segments separately, using the
same segments on the basal and apical level.

For transmural analysis, the endo- and/or epicardial con-
tours that delineate the myocardium were shifted towards
the desired transmural area. Then the rotation and the
radius were averaged over the image points in the trans-
mural layer and torsion was calculated as described above.
Also in this case, the same transmural layers on the basal
and apical levels were used.

Analytical test case
To explore the influence of AoR location on the observed
rotation and torsion, an analytical computer model test

http://www.jcmr-online.com/content/10/1/26
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(2) Arrangement of the LV myocardial wall into circumferen-
tial segments (left), or transmural layers (right). (b) To local-
ize the basal, mid and apical planes, the length (L) between
the apex and the mitral valve in end systole is divided into
four equal parts. The planes that are used for short-axis tag-
ging are then located at a distance of 1/4, 1/2 and 3/4 of L
from the mitral valve plane.

case was used [18]. Briefly, this was a 100 mm long
incompressible deforming cylinder with a displacement
given by analytical expressions. The deformed positions
(r, 6, z) correspond to the undeformed positions (R, 6, Z)
as follows:

0=pR+O@+yZ +¢ (7)
z2=0R+Z+9d (8)

In this test case, the parameters were chosen such that
human heart deformation was exaggerated (RC shear: ¢ =
0.556°/mm, CL shear: y = 0.6°/mm, rigid body rotation:
€=18.334°, RLshear: ® = 0.556, rigid body displacement:
& = 8.334 mm, initial outer radius: 50 mm, inner radii
before and after deformation: R; = 25 mm, r;= 15 mm).

Rotation and torsion were calculated in circumferential
segments and in a transmural layer using the test case. The
test case had a fixed AoR over time, which was the center
of the cylinder. The AoR was moved in all timeframes in
order to test the sensitivity of the torsion value for small
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changes in AoR location. The AoR in the test case was dis-
placed from the center of the cylinder between 0 and 20%
of the mean radial length. This displacement, expressed as
percentage, is indicated as the AoRdisp. The AoR was dis-
placed separately for the slices on both ends of the cylin-
der in identical and opposite directions. Peak rotation and
torsion were calculated in six circumferential segments
and as a global mean (one transmural layer). In case of
calculation in circumferential segments, the deviation per
segment in rotation and torsion was averaged over all seg-
ments, and the results were presented as mean + SD.

Healthy subjects

In twelve healthy subjects (49 + 11 yr, 3 female), rotation
and torsion were calculated in circumferential segments
and transmural layers, and as a global mean. The subjects
had no history of cardiac disease, normal ECG, ejection
fraction > 50% and blood pressures under 160/90 mmHg.
Written informed consent was obtained from all volun-
teers. Circumferential analysis was performed in six seg-
ments: inferoseptal (IS), anteroseptal (AS), anterior (AN),
anterolateral (AL), inferolateral (IL) and inferior (IN).
Transmural analysis was performed in the endo- and epi-
cardium (data from the endocardial 50% and the epicar-
dial 50% of the myocardial wall were used).

Image acquisition in the subjects

Tagged MR images were acquired on a 1.5T whole body
MR scanner (Magnetom Sonata, Siemens, Erlangen, Ger-
many). Sinusoidally, complementary spatial modulation
of magnetization (CSPAMM) [19-21] short-axis cine MR
images in two orthogonal directions were made with a
SSFP sequence [22,23]. The temporal resolution was 14
ms, the FoV was 300 x 300 mm, the matrix size was 256 x
78, the slice thickness was 6 mm and the tag spacing was
7 mm (TR = 4.7 ms, TE = 2.3 ms, bandwidth = 369 Hz/
pixel, flip angle = 20°). Prospective triggering and a mul-
tiple brief expiration breath hold scheme were used.

Short-axis images were acquired at basal, mid and apical
levels in the LV. The levels were determined by taking the
distance between the apex-endocardium and the mitral
valve plane in an end-systolic phase of a 2-chamber cine
and dividing this distance into four equal parts (Fig. 3).
With these sets of CSPAMM images (Fig. 4), automatic
Harmonic Phase (HARP) tissue tracking was performed
[18,24].

Additionally, a 3-chamber cine with the same high tem-
poral resolution was acquired to determine the moment
of aortic valve closure (AVC).

http://www.jcmr-online.com/content/10/1/26

Figure 4

(2) Example of the horizontally and vertically tagged images
for a healthy volunteer. Left: end-diastole, right: end-systole.
Tags do not appear very sharp because they are sinusoidal,
which is optimal for the HARP-tracking procedure. (b) Visu-
alization of tracked points using the extended HARP tracking
method (18). The red lines represent the myocardial con-
tours, the yellow markers the tracked points.

LV contouring and extended HARP-tracking of subject
data

In order to delineate the myocardium, harmonic-magni-
tude (HARM) images (magnitude image of the harmonic
peak in the Fourier transform of a CSPAMM image) were
calculated. LV endo- and epicardial contours were drawn
semi-automatically on these images using a commercially
available software package (Mass, Medis, Leiden, the
Netherlands). Subsequently, automatic extended HARP
tracking analysis [18] was applied using in house devel-
oped software. This method tracks all parts of the myocar-
dium in all phases of the cardiac cycle with high spatial
resolution, since it is not limited to tag line intersections
(every pixel in the myocardium is considered to be a mate-
rial point and is tracked, however, true spatial resolution
is determined by the applied filtering and therefore lower
than one pixel). Newly appearing material points that
appear inside the contours as a result of longitudinal
(through plane) motion are also tracked (Fig. 4).

Rotation and torsion in subject data

With the displacement obtained from the tracking proce-
dure, the rotation of the myocardium can be calculated for
every tracked point inside the contours of the short-axis
images. In this case it is assumed that the myocardium
rotates around its center of mass. Therefore, the AoR is cal-
culated from the mean of all image points inside the con-
tours in every phase of the cardiac cycle. This means that
the AoR is moving over time. The radius of the LV is calcu-
lated as the mean of all distances from every point in the
myocardium to the AoR. As a result, the radius then also
changes over time.

Torsion was analyzed between basal and apical slices

(base-apex), and, in order to also provide longitudinal
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Figure 5

Circumferential rotation and torsion in the analytical test
case: (a) Deviation in peak rotation per segment. (b) Devia-
tion in peak torsion per segment. Z is the longitudinal axis of
the cylinder. The mean global radius was 37.4 mm, but the
radius per segment is used for the calculation of torsion. The
simulated apex and base depict the largest and smallest Z in
Eq. [5,6,7]. The maximum applied rotation at the simulated
apex was 99.1°, and 39.7° at the simulated base. The error
bars represent the SD of values among segments.
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regional information, between basal and mid ventricular
slices (base-mid), and mid and apical slices (mid-apex).
Peak rotation, time to peak rotation, peak torsion and
time to peak torsion were compared over circumferential
segments (between segments with largest and smallest
values and neighboring segments), transmural layers, and
longitudinal levels using a paired Student's t-test. Correct-
ing for multiple comparisons (Bonferroni), p-values
below 0.003 were considered significant. The results are
presented as mean * SE.

Results

Analytical test case

In Fig. 5, the results for circumferential rotation and tor-
sion deviation for a displaced AoR are presented as the
absolute average deviation over the regions + SD. The
observed deviation by moving the AoR in the slice on one
end of the cylinder is larger than on the other end of the
cylinder, since the overall rotation was larger in that slice
per definition (Eq. [7]. The relative deviation in rotation
or torsion from the analytical value as a function of AoRd-
isp can be found in Table 1.

For the displaced AoR in the test case, the relative error in
the global torsion was below 0.05% per AoRdisp (Table
1). In contrast, the relative error in torsion in circumferen-
tial segments was up to 0.9% per AoRdisp.

Healthy subjects

For the healthy subjects, peak and time to peak rotations
(Table 2), and peak and time to peak torsion (Table 3) are
given as mean + SD. Peak values are given for global,
transmural and circumferential calculations. Time to peak
values are shown for global and transmural calculations
only.

+

Circumferential segments in subjects
When rotation and torsion are calculated in circumferen-
tial segments, differences in peak values and timing of

Table I: Analytical test case: Relative deviation of analytical peak rotation and torsion per AoRdisp*

Simulated apex

Simulated base

Both displaced in same Both displaced in

displaced displaced direction opposite direction
Torsion: global and 0.03 0.03 0.05 0.05
transmural layers
Torsion: 0.56 +0.27 0.45 £ 0.26 0.50 £ 0.29 0.90 + 0.44
circumferential
segments
Rotation: global and 0.001 0.002 n/a n/a
transmural layers
Rotation: 0.64 + 0.29 0.68 + 0.40 n/a n/a
circumferential
segments

*The simulated apex and base are the largest and smallest Z value (Eq. [5-7]) of the cylinder. Torsion and rotation calculated in circumferential

segments are averaged over all segments.
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Table 2: Healthy subjects: Global and regional peak rotation (°) and global time to peak rotation (ms)*

Peak apex rotation Peak mid rotation

Segments Total Endo Epi Total Endo Epi
Is 87+£32 92+37 84 3.1 3521 3521 3521
AS 124 £55 13.5+£57 11.3£5.0 64+ 18 68+ 1.9 62+18
AN 16.4+7.7 17.5+82 159+£75 69+25 7.1 £26 6.6 £2.4
AL 157 £ 6.1 16.6 £ 6.3 I155+6.1 55+24 58+23 54+24
IL 9.7+39 9.8+4.0 9.6 3.6 48 2.1 50+£22 47 2.1
IN 73+£3.6 76 +4.1 74+33 43+18 44+17 43+18
Global 10.5 +3.4 11.0£3.5 102 £33 3816 39+ 1.6 38+ 1.6
Global timing 384 + 98 384 + 98 387 + 98 194 + 94 194 + 94 194 £ 94

Peak base rotation Peak negative base rotation

Segments Total Endo Epi Total Endo Epi
Is 2320 23+20 2420 -5.6£4.1 -6.1 £43 -54+40
AS 4421 46+22 4421 -46+23 -48+24 -45+22
AN 3318 3319 3.+ 1.7 7.1 £35 -7.8+4.0 -6.8 £ 3.0
AL 19+13 19+13 1.8+ 1.3 -94+37 -102 £4.0 9.1 £37
IL 3316 3417 3315 -46+22 -49+23 -45+22
IN 3830 38+3.1 39+3.0 -3.5+£3.0 4.1 £34 29+27
Global 21 £12 21 £12 21 £1.2 44+18 -49+1.8 41+18
Global timing 17 £19 108 + 28 109 + 28 377 £ 41 373+ 42 378 £ 39

*'Global" is the whole circumference, "total" represents the endo- and epicardial regions together. It can be seen that rotation is largest in the
anterolateral region, and smallest in the inferior region. This however does not hold for the positive peak in base and mid rotation, here
anteroseptal is largest. Rotation is largest in the endocardial region. The endocardium reaches its peak rotation shortly before the epicardium. IS:
inferoseptal, AS: anteroseptal, AN: anterior, AL: anterolateral, IL: inferolateral, IN: inferior.

peak values are present (Fig. 6, Tables 2, 3). Anterior/ante-
rolateral rotation and torsion were larger than inferior/
inferoseptal. However, no significant differences between
segments were found in peak values (p = 0.01) or time to
peak values (p > 0.1).

Transmural layers in subjects
In Fig. 7, transmural basal, mid and apical rotations and
transmural base-apex, base-mid and mid-apex torsion are

shown for the same subject. It can be seen that the endo-
cardium rotates more than the epicardium. The base starts
rotating similar to the apical slice, but subsequently
rotates in the opposite direction. Besides the first, positive
peak, this results in a negative peak value at the basal level.
The rotation in the mid-slice follows an averaged path
between base and apex. The mean rotation over all sub-
jects is shown in Fig. 8. The torsion demonstrates a com-

Table 3: Healthy subjects: Global and regional peak torsion (CL shear angle (°)) and global time to peak torsion (ms)*

BASE-APEX BASE-MID MID-APEX

Segments Total Endo Epi Total Endo Epi Total Endo Epi
IS 67+33 6.6 £3.2 6.9 £3.6 86143 85 +4.l 9.0+ 45 88+45 86+43 9.3+49
AS 83+32 82+ 3.1 83+33 104 £ 3.6 100+£36 10.7 4.1 10.1 £+58 10.0+5.5 10.0 £5.8
AN 11.7+£47 114£46 122+47 133=x6.1 133£60 133+x6.0 13555 13.1 £5.5 144 +58
AL 124+39 119£37 13.1£40 148+x44 146+43 154+46 135+£56 128+53 145+ 6.1
IL 65+25 5925 68+25 93+42 92+42 98+ 44 8.0+45 7.1 £ 44 84+45
IN 50+£33 50+34 50+£32 77 +£42 79 +4.1 79+ 44 6.7£3.6 65+35 70+38
Global 77+ 14 7513 80x%15 82+23 82+22 83+23 8.1 I 76 % 1.1 85%13
Global timing 366 + 24 366 + 32 367 £25 357 £33 356 + 32 355 +33 370 + 28 369 + 26 367 £25

*'Global" is the whole circumference, "total" represents the endo- and epicardial regions together. It can be seen that torsion is largest in the
anterolateral region, and smallest in the inferior region. Torsion is also largest in the epicardial region. Peak base-mid torsion occurs before peak
mid-apex torsion. IS: inferoseptal, AS: anteroseptal, AN: anterior, AL: anterolateral, IL: inferolateral, IN: inferior.

Page 6 of 11

(page number not for citation purposes)



Journal of Cardiovascular Magnetic Resonance 2008, 10:26

http://www.jcmr-online.com/content/10/1/26

Torsion (deg)
b=
T

2=
o
-2k
-4
'6 1 1 1 1 1 | 1 1
0 100 200 300 400 500 600 700 800 900
Time (ms)

Figure 6

Segmental base-apex torsion in a healthy volunteer. Counterclockwise torsion is positive when viewed from the apex. IS: infer-
oseptal, AS: anteroseptal, AN: anterior, AL: anterolateral, IL: inferolateral, IN: inferior.

parable pattern for all combinations between the slices
(Fig. 8).

Transmural differences (Table 2, 3) in peak rotation and
peak torsion were significant for all calculated values on
the basal and apical level (all p < 0.001), except for peak
positive base rotation. No significant difference was found
between base-mid and mid-apex peak torsion (p = 0.9).

Transmural (p > 0.05) and longitudinal (p = 0.03) differ-
ences in timing were not significant. Also, no significant
difference was found between AVC and time to peak tor-
sion (p > 0.2).

Discussion

This study demonstrates that the calculation of LV rota-
tion and torsion in circumferential segments using an AoR
provides unreliable results, since these results are strongly
dependent on the location of the AoR. Through the avail-
ability of displacement data with high spatial resolution,
LV rotation and torsion could also be calculated transmu-
rally. These results are hardly dependent on AoR location.

Displaced AoR in the test case

The influence of a displaced AoR on the observed rotation
and torsion in the analytical test case appears to be larger
when the AoR was moved in a slice where the actual rota-
tion was larger (Fig. 5). However, when looking at the per-
cent deviation (Table 1), the percentage from the
analytical value is higher in a slice with a small rotation
than in a slice with a large rotation. This suggests, that in
a human heart (where the rotation is smaller than in the

exaggerated test case), the relative deviation in rotation
from a displaced AoR will increase even more at increas-
ing AoRdisp. For torsion, displacement of the AoR in the
slice with the largest original rotation results in the largest
error at increasing AoRdisp (Table 1). This is caused by the
fact that torsion has one analytical value for both com-
bined slices (unlike rotation, where both separate slices
have different analytical rotations). This value is used for
the error calculation for AoR displacements in both slices.
In case of calculation in circumferential segments, the
deviation in observed rotation is hundreds of times larger
than in the global calculation.

For torsion calculation, the radius of each segment is
taken into account, which reduces the rotational effect
(Fig. 2) of the displaced AoR a little. However, observed
deviations in segmental torsion from a displaced AoR are
still up to 25 times higher than for a global calculation of
torsion. From the analytical test case, it can be concluded
that calculating rotation and torsion in circumferential
segments is very much influenced by the position of the
AoR and is therefore unreliable.

In the transmural calculation of rotation and torsion, the
influence of AoR location was not found to be of critical
importance. For example, in case of a 10% AoRdisp
(which generally corresponds to a displacement of about
2.5 mm in a normal human heart) caused by inadequate
contouring, the deviation calculated in circumferential
segments would be up to 0.9 + 0.4° on an average torsion
of 10°. For a calculation in a global or transmural seg-
ment, this deviation would be no more than 0.05°. AoRd-
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Rotation and torsion in a healthy volunteer. The different colors divide transmural layers; the different shapes indicate different
longitudinal levels. Transmural and longitudinal differences are visible in this subject. Positive rotation is counterclockwise
when viewed from the apex. Note that in this subject, torsion is not constant over the long axis.

isp might be even larger in case of local heart wall
thickening, for example.

Healthy subjects

In the subjects, the transition in rotation direction
between base and apex proceeds gradually (Figs. 7, 8).
This was in line with previous reporting [16]. Mid-slice
rotation is almost the exact average of base and apex rota-
tion over the entire measurement period (Fig. 8). This
implies that the change in LV rotation is very evenly dis-
tributed over the long axis of the LV. The gradient in LV
rotation causes the constant torsion over the whole LV
(Fig. 8). However, torsion was not constant over the LV in
every individual subject (e.g. Fig. 7). The mechanism that
causes the whole LV to rotate clockwise initially remains
to be investigated. Ingels et al. [25] suggested an explana-
tion for the direction of torsion during the systolic period,
by describing how the transmurally different obliquely
oriented myofibers are subsequently activated and cause
torsion, but does not speculate about the cause of the rota-
tional directions.

Torsion in circumferential segments in the subjects
In several studies it was found that the septal and inferior
wall show less torsion than the anterior and lateral wall

[11-13,15,16]. The difference between these segments
appears to be around 50% in literature, but was not
always found to be statistically significant. This study is in
line with this finding.

In previous studies, torsion was measured under different
definitions of the AoR. The AoR was either chosen as a
moving center of the LV [15,16], or was fixed over time
[11,12]. Nevertheless, the AoR was always placed some-
where near the center of the LV, resulting in a difference of
around 50% between the IS and AL locations. Moreover,
the definition of torsion (Fig. 1) is not always the same,
and not all studies used human subjects, which makes a
comparison between studies difficult.

Definition of the AoR

Our findings are very much consistent with the study of
Lorenz et al. [16], who also used a moving LV center of
mass as AoR. Only our circumferential peak torsion (CL
shear angle) values are somewhat larger, which may be
the result of their measuring at 80% of systole.

The variance between segments could have a physiologi-
cal origin, or could be caused by the fact that the septum
is more fixed to the RV and therefore can rotate less. How-
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Figure 8

Mean, interpolated rotation (a) and torsion (b) over all 12
healthy subjects. 100% systole is defined as AVC. The
remaining parts of the curves (imaged after AVC) are also
interpolated over a 100% range, note that this is not the
entire diastolic period. The calculated average of base and
apex rotation is nearly the same as the measured mid rota-
tion.

ever, if this were the cause, one would expect also a lower
anteroseptal/anterior value. Segmental differences caused
by errors in AoR location might be more random than seg-
mental differences of physiological origin. The large vari-
ance in segmental values found in this study therefore
suggests that the observed differences are not physiologi-
cal, but caused by a deviation in the AoR. Small variations
between segments (up to 10%) might be caused by only a
slight error in AoR position (e.g. miscontouring). For
larger variations, it seems likely that the choice of the AoR
is wrong, and that the RV mass plays a role in the process
of torsion, such that the heart rotates around its total
center of mass. It can be seen in a short axis image that the
majority of RV mass is located in its inferolateral region,
which would move the combined center of mass more
towards inferoseptal, as seen from the LV (Fig. 2). This
would perhaps balance circumferential regional rotation
more.

http://www.jcmr-online.com/content/10/1/26

Clinical implications

Since relatively large variations in circumferential regional
torsion at only small variations in AoR position were
found in the test case, and regarding the above mentioned
limitations of the segmental analysis of rotation and tor-
sion in human volunteers, it seems secure to calculate
rotation and torsion over the whole circumference only.
Therefore, torsion values from circumferential segments
should be interpreted with great awareness. Moreover,
considering fiber orientation and its relation to torsion,
torsion seems to be a more global measure. An abnormal-
ity originating at a certain circumferential location will
influence torsion in the whole heart due to the connection
of the myofibers. For example, local ischemia was found
to influence torsion on multiple locations [17]. Therefore,
it seems more interesting to focus on the obliquely ori-
ented endo- and epicardial fibers, which cause the heart to
twist, and study transmural variations in torsion. Since
abnormalities in myocardial function are found to express
themselves via the torsion [3-9,26-28], it might be a suit-
able tool for early detection of for instance subclinical
heart failure.

The fibers in the cardiac wall are known to vary in orien-
tation in the transmural direction. These fiber orientations
are well described by the ventricular-myocardial band
concept [29] which was confirmed by several studies
using diffusion tensor imaging fiber tracking CMR
[30,31]. In this study, the cardiac wall was divided into
two equal segments, an endo- and an epicardial segment,
which should cover the most important fiber directions
(ascending and descending) causing the torsional defor-
mation.

Torsion in transmural layers in the subjects

In line with the studies of Buchalter et al. [11] and Young
et al. [15], we found that in the endocardium, rotation
was larger than in the epicardium. However, our finding
that endocardial torsion was smaller than epicardial tor-
sion is in contrast to the study of Buchalter et al., who
found a constant CL shear angle through the wall. In a
canine study of Prinzen et al. [32], endocardial torsion
(CL shear) was found to be higher than epicardial torsion
in a control group. These results may be due to a different
definition of the radius for calculating the CL shear angle
(Buchalter et al. did not include the basal slice for deter-
mining the radius and the rotation), or to the use of a 3D
strain tensor for the calculation, which is a different calcu-
lation method. However, in this 3D approach, informa-
tion about torsion in circumferential segments will also
not be reliable. That is, differences in the regional circum-
ferential-longitudinal shear angle can also result from lon-
gitudinal displacement (Fig. 9). This is an effect that
cancels out when the local CL shear is averaged over the
whole circumference. To compare the proposed torsion
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Figure 9
Two modes of deformation resulting in the same CL shear
angle [33]. a) Undeformed LV, b) LV deformed due to tor-

sion, c) LV deformed due to differences in longitudinal dis-
placement.

calculation method with the local CL shear angle as com-
puted by a 3D strain tensor, which is very time consum-
ing, is part of our current research.

Conclusion

It was shown that the analysis of torsion in circumferen-
tial segments is unreliable. Analysis in transmural layers
however, was found to be accurate and of great interest for
further exploration of the mechanics of contraction and
relaxation in the left ventricle. Torsion could be easily cal-
culated by the proposed, comparable method in healthy
subjects and was in conformity with previous studies. The
transmural results from the healthy subjects can be used
as reference data for future patient studies. With the
obtained knowledge, torsion data from circumferential
segments should be interpreted as unreliable. The pro-
posed method to calculate torsion may be used to provide
more understanding in cardiac function and it may serve
as a tool for early detection of subclinical heart disease.

Competing interests
The authors declare that they have no competing interests.

Authors' contributions

IKR Study design, data analysis and interpretation, manu-
script preparation, MJG Study design, manuscript revi-
sion, JPK Data interpretation, manuscript revision, JTM
Data collection, manuscript revision. All authors read and
approved the manuscript.

Acknowledgements
IKR was granted by the Netherlands Organization for Health Research and
Development, grant number 945-05-016.

References

I.  Wu, Kovécs SJ: Frequency-based analysis of the early rapid
filling pressure-flow relation elucidates diastolic efficiency
mechanisms. Am | Physiol Heart Circ Physiol 2006,
291(6):2942-2949.

20.

21.

http://www.jcmr-online.com/content/10/1/26

Helm PA, Tseng HJ, Younes L, McVeigh ER, Winslow RL: Ex vivo 3D
diffusion tensor imaging and quantification of cardiac lami-
nar structure. Magn Reson Med 2005, 54(4):850-859.

Gotte M)W, Germans T, Riissel IK, Zwanenburg JJM, Marcus JT, van
Rossum AC, van Veldhuisen DJ: Myocardial strain and torsion
quantified by cardiovascular magnetic resonance tissue tag-
ging studies in normal and impaired left ventricular function.
J Am Coll Cardiol 2006, 48:2002-201 |.

Paetsch |, Foll D, Kaluza A, Luechinger R, Stuber M, Bornstedt A,
Wahl A, Fleck E, Nagel E: Magnetic resonance stress tagging in
ischemic heart disease. Am | Physiol Heart Circ Physiol 2005,
288(6):2708-2714.

Sandstede JJW, Johnson T, Harre K, Beer M, Hofmann S, Pabst T,
Kenn W, Voelker W, Neubauer S, Hahn D: Cardiac systolic rota-
tion and contraction before and after valve replacement for
aortic stenosis: A myocardial tagging study using MR imag-
ing. Am J Roentgenol 2002, 178(4):953-958.

Nagel E, Stuber M, Burkhard B, Fischer SE, Scheidegger MB, Boesiger
P, Hess OM: Cardiac rotation and relaxation in patients with
aortic valve stenosis. Eur Heart | 2000, 21:582-589.

Nagel E, Stuber M, Lakatos M, Scheidegger MB, Boesiger P, Hess OM:
Cardiac rotation and relaxation after anterolateral myocar-
dial infarction. Coron Artery Dis 2000, 11:261-267.

Delhaas T, Kotte J, Van der Toorn A, Snoep G, Prinzen FW, Arts T:
Increase in Left Ventricular Torsion-to-Shortening Ratio in
Children With Valvular Aortic Stenosis. Magn Res Med 2004,
S51(1):135-139.

Van der Toorn A, Barenbrug P, Snoep G, Van der Veen H, Delhaas T,
Prinzen FW, Maessen }, Arts T: Transmural gradients of cardiac
myofiber shortening in aortic valve stenosis patients using
MRI tagging. Am | Physiol Heart Circ Physiol 2002, 283(4):1609-1615.
Lumens |, Delhaas T, Arts T, Cowan BR, Young AA: Impaired sub-
endocardial contractile myofiber function in asymptomatic
aged humans, as detected using MRI.  Circulation 2006,
291(4):1573-1579.

Buchalter MB, Weiss JL, Rogers W], Zerhouni EA, Weisfeldt ML,
Beyar R, Shapiro EP: Noninvasive quantification of left ventricu-
lar rotational deformation in normal humans using magnetic
resonance imaging myocardial tagging. Circ 1990,
81:1236-1244.

Rademakers FE, Buchalter MB, Rogers WJ, Zerhouni EA, Weisfeldt
ML, Weiss JL, Shapiro EP: Dissociation between left ventricular
untwisting and filling - Accentuation by cathecholamines. Cir-
culation 1992, 85(4):1572-1581.

Sorger JM, Wyman BT, Faris OP, Hunter WC, McVeigh ER: Torsion
of the left ventricle during pacing with MRI tagging. | Cardio-
vasc Magn Reson 2003, 5(4):521-530.

Aelen FWL, Arts T, Sanders DGM, Thelissen GRP, Muijtjens AMM,
Prinzen FW, Reneman RS: Relation between torsion and cross-
sectional area change in the human left ventricle. | Biomech
1997, 30(3):207-212.

Buchalter MB, Rademakers FE, Weiss JL, Rogers W], Weisfeldt ML,
Shapiro EP: Rotational deformation of the canine left ventricle
measured by magnetic resonance tagging: effects of cate-
cholamines, ischeamia, and pacing. Cardiovasc Res 1994,
28:629-635.

Young AA, Imai H, Chang CN, Axel L: Two-dimensional left ven-
tricular deformation during systole using magnetic reso-
nance imaging with spatial modulation of magnetization.
Circulation 1994, 89(2):740-752.

Lorenz CH, Pastorek JS, Bundy JM: Delineation of normal human
left ventricular twist throughout systole by tagged cine mag-
netic resonance imaging. J Cardiovasc Magn Reson 2000,
2(2):97-108.

Tecelao SR, Zwanenburg JJM, Kuijer JPA, Marcus JT: Extended har-
monic phase tracking of myocardial motion: improved cov-
erage of myocardium and its effects on strain results. | Magn
Res Im 2006, 23:682-690.

Fischer SE, McKinnon GC, Maier SE, Boesiger P: Improved myo-
cardial tagging contrast. Magn Reson Med 1993, 30(2):191-200.

Axel L, Dougherty L: MR imaging of motion with spatial modu-
lation of magnetization. Radiology 1989, 171:841-845.

Axel L, Dougherty L: Heart wall motion: improved method of
spatial modulation of magnetization for MR imaging. Radiol-
ogy 1989, 172:349-350.

Page 10 of 11

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16149057
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16149057
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16149057
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17112990
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17112990
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10775013
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10775013
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10832560
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10832560
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10832560
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1555295
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1555295
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14664130
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14664130
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9119819
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9119819
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8025907
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8025907
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8025907
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8313563
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8313563
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11545133
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11545133
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11545133
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8366800
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8366800
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2717762
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2717762
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2748813
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2748813

Journal of Cardiovascular Magnetic Resonance 2008, 10:26

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

Zwanenburg JJM, Kuijer JPA, Marcus JT, Heethaar RM: Steady state
free precession with myocardial tagging: CSPAMM in a sin-
gle breathhold. Magn Reson Med 2003, 49(4):722-730.

Oppelt A, Graumann R, Barfuss H, Fischer H, Hartl W, Schajor W:
FISP - a new fast MRI sequence. Electromedica (Engl Ed) 1986,
54:15-18.

Osman NF, Kerwin WS, McVeigh ER, Prince JL.: Cardiac motion
tracking using CINE harmonic phase (HARP) magnetic res-
onance imaging. Magn Reson Med 1999, 42(4):1048-1060.

Ingels NB, Hansen DE, Daughters GT, Stinson EB, Alderman EL, Miller
DC: Relation between Longitudinal, Circumferential, and
Oblique Shortening and Torsional Deformation in the Left
Ventricle of the Transplanted Human Heart. Circ Res 1989,
64:915-927.

Stuber M, Scheidegger MB, Fischer SE, Nagel E, Steinemann F, Hess
OM, Boesiger P: Alterations in the local myocardial motion
pattern in patients suffering from pressure overload due to
aortic stenosis. Circulation 1999, 100(4):361-368.

Garot |, Pascal O, Diébold B, Derumeaux G, Gerber BL, Dubois-
Randé JL, Lima JAC, Guéret P: Alterations of systolic left ven-
tricular twist after acute myocardial infarction. Am | Physiol:
Heart Circ Physiol 2002, 282:357-362.

Fonseca CG, Dissanayake AM, Doughty RN, Whalley GA, Gamble
GD, Cowan BR, Occleshaw CJ, Young AA: Three-Dimensional
assessment of left ventricular systolic strain in patients with
type 2 diabetes mellitus, diastolic dysfunction, and normal
ejection fraction. Am J Cardiol 2004, 94:1391-1395.
Torrent-Guasp F, Kocica MJ, Corno AF, Komeda M, Carreras-Costa
F, Flotats A, Cosin-Aguillar J, Wen H: Towards new understand-
ing of the heart structure and function. Eur | Cardiothorac Surg
2005, 27:191-201.

Helm P, Beg MF, Miller Ml, Winslow RL: Measuring and mapping
cardiac fiber and laminar architecture using diffusion tensor
MR imaging. Ann N Y Acad Sci 2005, 1047:296-307.

Buckberg GD, Mahajan A, Jung B, Markl M, Hennig ], Ballester-Rodes
M: MRI myocardial motion and fiber tracking: a confirmation
of knowledge from different imaging modalities. Eur | Cardiot-
horac Surg 2006, 29:S165-177.

Prinzen FW, Arts T, van der Vusse GJ, Reneman RS: Fiber Shorten-
ing in the inner layers of the left ventricular wall as assessed
from epicardial deformation during normoxia and ischemia.
J Biomech 1984, 17(10):801-811.

Kuijer JPA, Marcus JT, Gotte MJW, van Rossum AC, Heethaar RM:
Three-dimensional myocardial strains at end-systole and
during diastole in the left ventricle of normal humans. | Car-
diovasc Magn Reson 2002, 4(3):341-351.

http://www.jcmr-online.com/content/10/1/26

Publish with BioMed Central and every
scientist can read your work free of charge

"BioMed Central will be the most significant development for
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
« available free of charge to the entire biomedical community
« peer reviewed and publishedimmediately upon acceptance
« cited in PubMed and archived on PubMed Central
« yours — you keep the copyright

Submit your manuscript here:

O BioMedcentral
http://www.biomedcentral.com/info/publishing_adv.asp

Page 11 of 11

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12652544
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12652544
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12652544
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10571926
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10571926
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10571926
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2650919
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2650919
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2650919
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10421595
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10421595
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10421595
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15566909
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15566909
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15566909
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15691670
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15691670
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16093505
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16093505
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16093505
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16569504
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16569504
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6526839
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6526839
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12234105
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12234105
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12234105
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Purpose
	Methods
	Results
	Conclusion

	Introduction
	Methods
	Calculation of rotation
	Calculation of torsion
	Regional rotation and torsion
	Analytical test case
	Healthy subjects
	Image acquisition in the subjects
	LV contouring and extended HARP-tracking of subject data
	Rotation and torsion in subject data

	Results
	Analytical test case
	Healthy subjects
	Circumferential segments in subjects
	Transmural layers in subjects

	Discussion
	Displaced AoR in the test case
	Healthy subjects
	Torsion in circumferential segments in the subjects
	Definition of the AoR
	Clinical implications
	Torsion in transmural layers in the subjects

	Conclusion
	Competing interests
	Authors' contributions
	Acknowledgements
	References

