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Original Research

Off-Resonance Insensitive Complementary SPAtial
Modulation of Magnetization (ORI-CSPAMM) for
Quantification of Left Ventricular Twist

Meral Reyhan, PhD,1,2* Yutaka Natsuaki, PhD,3 and Daniel B. Ennis, PhD1,2

Purpose: To evaluate Off Resonance Insensitive Comple-
mentary SPAtial Modulation of Magnetization (ORI-
CSPAMM) and Fourier Analysis of STimulated echoes
(FAST) for the quantification of left ventricular (LV) sys-
tolic and diastolic function and compare it with the previ-
ously validated FASTþSPAMM technique.

Materials and Methods: LV short-axis tagged images
were acquired with ORI-CSPAMM and SPAMM in healthy
volunteers (n¼13). The FAST method was used to auto-
matically estimate LV systolic and diastolic twist parame-
ters from rotation of the stimulated echo and stimulated
anti-echo about the middle of k-space subsequent to �3
min of user interaction.

Results: There was no significant difference between
measures obtained for FASTþORI-CSPAMM and FASTþ-
SPAMM for mean peak twist (12.9 6 3.4� versus
11.9 6 4.0�; P¼0.4), torsion (3.3 6 0.9�/cm versus
2.9 6 1.0�/cm, P¼0.3), circumferential–longitudinal shear
angle (9.1 6 3.0� versus 8.2 6 3.4�, P¼0.3), twisting rate
(79.6 6 20.2�/s versus 68.2 6 23.4�/s, P¼0.1), untwisting
rate (�117.5 6 31.4�/s versus �106.6 6 32.4�/s, P¼0.3),
normalized untwisting rate (�9.36 2.0/s versus
�9.96 4.4/s, P¼0.7), and time of peak twist (281 6 18 ms
versus 2936 25 ms, P¼0.04). FASTþORI-CSPAMM also
provided measures of duration of untwisting (148 6 21 ms)
and the ratio of rapid untwisting to peak twist (0.96 0.3).
Bland-Altman analysis of FASTþORI-CSPAMM and
FASTþSPAMM twist data demonstrates excellent agree-
ment with a bias of �0.1� and 95% confidence intervals of
(�1.0�, 3.2�).

Conclusion: FASTþORI-CSPAMM is a semi-automated
method that provides a quick and quantitative assess-
ment of LV systolic and diastolic twist and torsion. ORI-
CSPAMM corrects off-resonance accrued during tagging

preparation and readout and visibly removes chemical
shift from the tagging pattern, which confers greater
robustness to the derived quantitative measures.

Key Words: tagging; twist; off-resonance; diastole; left
ventricle
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IN GENERAL, OFF-resonance due to field inhomoge-
neity, susceptibility, and chemical shift leads to
unwanted signal characteristics. In quantitative
motion encoding sequences and measurements
derived from them such as SPAtial Modulation of
Magnetization (SPAMM) tagging (1), DENSE (2), HARP
(3), Fourier Analysis of STimulated echoes (FAST) (4),
and phase contrast (5), off-resonance can lead to per-
turbations of the tagging pattern or inaccuracies in
the signal phase estimates. Left ventricular (LV) twist
can be measured from rotating tagging patterns, but
can suffer inaccuracies as a consequence of off-reso-
nance derived perturbations of the tagging pattern.
Minimizing the effects of off-resonance is important to
eliminating systematic and quantitative measurement
errors.

Fahmy et al (6) used the off-resonance of fat and a
uniquely modified Complimentary SPAtial Modulation
of Magnetization (CSPAMM) encoding method to cancel
the fat signal in each cardiac phase. The modifications
to the CSPAMM sequence included: (i) an inversion of
the tagging gradient used during the second SPAMM
measurement, which reverses the position of the
stimulated echo and stimulated anti-echo in k-space;
and (ii) prolonging the tag encoding duration so that
the phase of chemically shifted fat is 90� relative to on-
resonance water, which results in cancellation of the
fat signal after image subtraction. The combination of
these modifications leads to suppression of the fat sig-
nal in each CPSAMM tagged image. The second modifi-
cation, however, only works precisely for a single
isochromat (3.5 ppm shift in their case). In addition, at
higher field strengths, the duration of the motion
encoding gradient needed to cancel the fat signal may
be too short to allow the tagging gradient to be played,
especially for closely spaced tags.
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Herein, we propose an alternative modification to
the CSPAMM sequence that compensates for all forms
of off-resonance and requires no a priori knowledge of
the chemically shifted isochromat to be corrected.
Hence, the proposed solution is independent of the
frequency spectrum of off-resonant moieties and of
main-field strength.

The improved tagging contrast generated by
CSPAMM (7) compared with SPAMM is the result of
radiofrequency (RF) phase cycling the second tagging
pulse by 180� and subtracting the phase cycled
images from each other, which effectively cancels the
relaxed component of the magnetization from the tag-
ging information. Off-resonance phase accumulation
occurs during both motion encoding (tagging gra-
dients and RF pulses) and during imaging. Off-Reso-
nant Insensitive-CSPAMM (ORI-CSPAMM) is a tagging
pulse sequence that corrects off-resonance accrued
during tagging preparation and readout and visibly
removes chemical shift from the tagging pattern.

In this study, we seek to evaluate ORI-CSPAMM
and Fourier Analysis of STimulated echoes (FAST), an
image analysis technique that measures LV rotation
from tagged MR images, for the quantification of LV
systolic and diastolic function and compare it with
the previously validated FASTþSPAMM technique. To
evaluate the quantitative ability of FASTþORI-
CSPAMM, a comparison between a known and vali-
dated standard (FASTþSPAMM in normal subjects) is
demonstrated.

THEORY

Off-Resonance During Motion Encoding

Figure 1A shows the pulse sequence timing diagram
for the two conventional 1-1 SPAMM experiments
used to generate CSPAMM (7) tagging contrast. If the
initially available longitudinal magnetization is
denoted by M0

z , then the state of the magnetization
immediately after the first 90� RF-pulse is:

~M ¼
M0

z sin uð Þ
M0

z cos uð Þ
0

2
4

3
5 ¼ 0

M0
z

0

2
4

3
5 [1]

Where, u in general, denotes the phase of the RF
pulse (0� RF phase indicates rotation about the þx-
axis and 90� is phased about the þy-axis) and u¼0�,
in particular.

In general, the phase j accumulated by an isochro-
mat in the rotating coordinate frame at position ~r in
the presence of both a magnetic field gradient ~G and
an off-resonant field BOff is:

j ~rð Þ ¼ g

Z d

0

~G tð Þ �~r þ BOff ~rð Þ
� �

dt

� �
[2]

Where g is the gyromagnetic ratio for hydrogen
nuclei and d is the duration of the gradient. If the
spins are stationary during the time of integration
d and the off-resonance field is stable in time,
then:

j ~rð Þ ¼ g ~M 0 �~r þ BOff ~rð Þ � d
� �

[3]

This equation indicates that the phase of the iso-
chromats will be spatially dependent (first term of Eq.
[(3)]) with a spatial shift (second term of Eq. [(3)]) that
depends on the magnitude of the off-resonance field
at position ~r . Therefore, the magnetization after the
motion encoding gradient can be described as:

~M ¼
�M0

z sin j ~rð Þð Þ
M0

z cos j ~rð Þð Þ
0

2
4

3
5 [4]

Consequently, in the presence of off-resonance the
tagging pattern induced by the applied gradient will
be spatially shifted within off-resonant tissues such
as fat relative to on-resonance water. Herein, we
ignore wavelength changes as a consequence of the
chemical shift frequency offset.

The off-resonance effects during motion encoding
can be refocused by splitting the motion encoding gra-
dient in half, inserting a hard refocusing pulse, and
inverting the second-half of the motion encoding gra-
dient (Fig. 1B). The accumulated signal phase imme-
diately before the refocusing pulse is:

j1 ~rð Þ ¼ g
~M 0

2
�~r þ BOff ~rð Þ � d

 !
[5]

After the application of the refocusing pulse the sign
of Eq. [(5)] changes. The phase accumulated during
the interval after the refocusing pulse is:

j2 ~rð Þ ¼ g �
~M 0

2
�~r þ BOff ~rð Þ � d

 !
[6]

Therefore, the cumulative phase after the spilt refo-
cused motion encoding gradient is insensitive to off-
resonance:

Figure 1. The conventional CSPAMM pulse sequence dia-
gram (a) illustrates the phase-cycling used to create the com-
plementary tagging pattern. The Off-Resonance Insensitive
CSPAMM (ORI-CSPAMM) pulse sequence diagram (b) depicts
the two phase-cycling loops (SPAMM1 and SPAMM2) and the
tagging gradient, which has been divided and the 180� refo-
cusing RF pulse, which has been added to correct for off-res-
onance effects that accrue during motion encoding.
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j ~rð Þ ¼ j1 ~rð Þ þ j2 ~rð Þ ¼ �g ~M 0 �~r
� �

[7]

Therefore, the magnetization after the tagging prep-
aration can be described as:

~M ¼
�M0

z sin j1 ~rð Þ þ j2 ~rð Þð Þ
M0
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0

2
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M0

z cos g ~M 0 �~r
� �� �
0

2
6664

3
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[8]

Hence, the off-resonance effects during the interval
of motion encoding are fully compensated.

Off-Resonance During Imaging

Signal phase accumulates during the interval of the
readout gradient as a consequence of both the applied
gradient and off-resonance. The off-resonance shift in
the tagging pattern due to the phase accumulated
during the readout gradient interval can be written
as:

DwRO ¼
Df

BW
[9]

where Df is the frequency shift (Hz) between fat and
water and BW is the readout gradient bandwidth (Hz/
pixel).

During the first motion encoding experiment
(MSPAMM,1) the phase of the second 90 degree RF pulse
is incremented (u¼90�) and, subsequent to spoiling,
the magnetization can be written in terms of the sinu-
soidal tagging pattern and the off-resonance shift dur-
ing the readout gradient as,

MSPAMM ;1 ¼ M0
z sin g ~M 0 �~r

� �
þ DwRO

� �
sin að Þ [10]

where a is the RF imaging flip angle. During the sec-
ond motion encoding experiment (MSPAMM,2) the phase
of the second RF is cycled to u¼�90� and the magnet-
ization after the second phase-cycling step can be
written as:

MSPAMM ;2 ¼ M0
z sin �g ~M 0 �~r

� �
þ DwRO

� �
sin að Þ [11]

The CSPAMM tagging pattern is generated by the
difference between the two phase-cycling loops, where
the off-resonance term can be isolated from the spa-
tially dependent tagging pattern term:

MORI�CSPAMM� ¼ MSPAMM ;2 �MSPAMM ;1

¼ ½M0
z sin ð�gð~M 0 �~r Þ þ DwROÞ �M0

z sin ðgð~M 0 �~r Þ þ DwROÞ�:
sin ðaÞ

[12]

After applying the product-to-sum trigonometric
identities for sine and cosine, Eq. [(12)] can be simpli-
fied to:

MORI�CSPAMM ¼ �2M0
z sin ðgð~M 0 �~r ÞÞcos ðDwROÞsin ðaÞ

[13]

Thus, the phase of the tagging pattern is unaffected
by off-resonance. However, the intensity of the tagged
image will be diminished by the readout off-resonance
term (cosDwRO).

MATERIALS AND METHODS

Healthy Subjects MRI Protocol

Healthy human subjects (n¼13) with no history of car-
diovascular or respiratory disease were studied (3
female, mean age of 32.56 11.2 years, weight
70.56 12.7 kg, height 1.76 0.1 m, heart rate 54.86 9.2
beats/min). The local institutional review board
approved this study and all subjects provided written
informed consent.

ECG triggered images were acquired at end-expira-
tion with subjects placed in the head-first supine
position. All images were acquired with a Siemens
Avanto 1.5 Tesla (T) scanner (Siemens Healthcare,
Erlangen, Germany) and a six element body matrix
coil in combination with a six-element spine matrix.
Axial, coronal, and sagittal orientation scout images
were used to plan the study. Balanced steady-state
free precession cine images were acquired using a 6
mm slice thickness and a 66% gap between slices, in
parallel left ventricular (LV) short-axis planes and
used to select basal and apical slices for acquisition
of tagged images. The most apical slice containing the
presence of the blood pool throughout the entire car-
diac cycle and the most basal slice in which the LV
myocardium maintained a continuous annular shape
during the entire cardiac cycle were used to prescribe
the two slices for tagging and subsequent image
processing.

The Siemens product cardiac gated spoiled gradient
echo sequence was modified to support 1-1 binomially
weighted SPAMM line tags and 1-1 binomially
weighted CSPAMM and ORI-CSPAMM line tags (both
with a total tagging flip angle of 180�). These sequen-
ces were used to acquire in vivo short-axis images at
the base and apex of the LV with the following param-
eters: 360–300 � 300–280 mm field-of-view, 5–6 mm
slice thickness, 192 � 144 acquisition matrix, 501
Hz/pixel receiver bandwidth, echo time/repetition
time (TE/TR)¼3.5–3.7/4.7–6.5 ms, 7–8 views per
segment, 10 mm tag spacing, and 14–16 cardiac
phases. The breath hold duration (total scan time) for
each sequence were 21 and 22 heart beats respec-
tively (19.6 6 4.1 s depending upon heart rate), for
SPAMM and ORI-CSPAMM, respectively. The SPAMM
data were acquired using two averages to maintain
comparable SNR to CSPAMM and ORI-CSPAMM. The
ORI-CSPAMM data was acquired without averaging,
but required acquisition of two image sets with 180�

RF phase cycling of the second tagging RF pulse.
Additionally, a 15� imaging flip angle was used to ac-
quire SPAMM images, while a non-linearly ramped
flip angle (final 22�) was used to acquire CSPAMM
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and ORI-CSPAMM images (8). Cine tagged images
were acquired using both horizontal and vertical tag-
ging in separate breath holds.

Phantom MRI Protocol

A phantom was constructed using vegetable oil and
water (Fig. 2, Row 1) to better demonstrate the effect
of ORI-CSPAMM on tag alignment. The phantom was
scanned using SPAMM, CSPAMM, and ORI-CSPAMM
sequences with the following parameters: 199 � 199
mm field-of-view, 5 mm slice thickness, 192 � 192
acquisition matrix, 501 Hz/pixel receiver bandwidth,
TE/TR¼4.7/5.7ms, 8 views per segment, 10 mm tag
spacing, and 20 cardiac phases. Averaging and imag-
ing flip angles matched the healthy subject protocol.

Fourier Analysis of STimulated echoes (FAST)

Manual contouring of the LV epicardium at an end-
systolic frame and the endocardium in an early sys-
tolic frame was performed for both the apical and ba-
sal slices. The FAST (4) method uses the fact that
rotation in image space corresponds to rotation in
Fourier space. Subsequent to manual contouring, the
FAST method performed least squares fitting of an
ellipse to the respective LV boundary. The long and
short axes of the ellipses were used to define a two-
dimensional (2D) Butterworth mask that isolates the
region of interest (LV) in all cardiac frames and
suppressed the blood pool in the first three cardiac
frames. Later in the cardiac cycle tags in the
blood pool dissipate making the endocardial filter

unnecessary. The segmented image was then Fourier
transformed after which the free induction decay was
nulled with a circular mask and the Fourier image
was cropped to the central 64 lines in k-space, leaving
only the stimulated echo and anti-echo, which rotate
in Fourier space. The final step of the FAST algorithm
involved 2D cross-correlation in Fourier space with
the subsequent cardiac frame to estimate the inter-
frame rotation. Inter-frame rotations are calculated
for all cardiac frames, from which values of LV twist
were derived.

To determine rotation in the first cardiac frame the
image is processed twice. First, the frame is processed
identically to the method described above. Second, a
copy of the first frame is made, segmented with the
above-described Butterworth mask, and subsequently
Fourier transformed. The copied first frame was then
reflected about the axis perpendicular to the tagging
lines, the FID was nulled, and the reflected image was
cropped as described above. Finally, the reflected ver-
sion of the first cardiac frame was 2D cross-correlated
with the original segmented, nulled, and cropped first
cardiac frame to estimate the first frame’s rotation.

LV twist was calculated as the difference between
the apical angle of rotation and basal angle of rotation
for matching temporal frames with units of degrees
(deg). Peak twist was identified as the maximum twist
value for each subject. LV torsion was defined as LV
twist divided by the distance between the apical and
basal slices with units of deg/cm. Peak torsion was
identified as the maximum torsion value for each sub-
ject. The circumferential–longitudinal shear angle
(CL-shear angle) was defined as (9):

Figure 2. Images collected from a fat-water phantom (Row 1) and a healthy volunteer (Row 2) are presented. a: Demonstra-
tion of phantom set-up and in vivo anatomy. b: Chemical shift is apparent between water and fat (phantom) epicardial fat
and myocardium (white arrow) and between chest wall fat and muscle (gray arrow) (in vivo) when using conventional 1-1
SPAMM tagging preparation. c: Chemical shift is apparent between water and fat (phantom) epicardial fat and myocardium
(white arrow) and between chest wall fat and muscle (gray arrow) (in vivo) when using conventional 1-1 CSPAMM tagging
preparation. d: In phantom and in vivo ORI-CSPAMM tag preparation, where chemical shift induced tagging pattern displace-
ment is no longer visible due to the additional refocusing RF pulse.
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CL � Shear ¼
fapexrapex � fbaserbase

D

where f is rotation of the apex or base in degrees, r is
the epicardial radius of the apex or base in mm, and D
is the distance between the apex and base in mm. Peak
CL-shear angle was identified as the maximum CL-
shear angle for each subject. Twist rate was calculated
as the temporal discrete derivative of twist with units of
deg/s. Peak twist rate was identified as the maximum
twist rate, while peak diastolic untwist rate was identi-
fied as the minimum twist rate. Normalized peak
untwist rate was calculated as the minimum twist rate
divided by the maximum twist angle with units of s�1.

Data Processing

The FASTþORI-CSPAMM and FASTþSPAMM estimates
of rotation were used for statistical analysis of peak
twist, torsion, twist rate, and untwist rate, mean peak
values and timings for the apical and basal slices, and
time of peak twist. The duration of untwisting was
determined from twist data interpolated with a cubic
smoothing spline to 1% increments of the cardiac
cycle. This smoothing reduced noise and allowed for
better detection of the end of untwisting, the maximum
of the second derivative of the twist after peak systolic
twist. The end of rapid untwisting was used to estimate
the ratio of rapid untwisting to peak twist. Atrial sys-
tole completes the process of untwisting in healthy
hearts. The ratio of rapid untwisting to peak twist pro-
vides insight into the contribution of atrial systole to
the completion of the untwisting process. Additionally,
tag motion becomes undetectable due to tag fading in
SPAMM images; as a result, all SPAMM data were
truncated to the first 500 ms of the cardiac cycle. Tag
fading occurs as a result of T1 relaxation of the tagging
pattern and from the component of the image intensity
derived from relaxation after the application of the tag-
ging pattern (7). The CSPAMM pulse sequence was
specifically designed to mitigate the effect of tag fading
by separating the relaxed component of the magnetiza-
tion from the tagging pattern by phase cycling the sec-
ond tagging RF pulse and subtracting the phase cycled
images. ORI-CSPAMM improves tag contrast as a
result of the CSPAMM tagging pattern and removes the
chemical shift artifact in the tagging pattern compared
with traditional SPAMM tagging.

Figure 3 depicts the systolic and diastolic measures
of twist calculated with FASTþORI-CSPAMM and
FASTþSPAMM. Peak systolic twist, systolic twist rates,
and early diastolic untwisting are clearly visible for
both FASTþORI-CSPAMM and FASTþSPAMM results
(Fig. 3). FASTþORI-CSPAMM results, however, also
clearly show the end of diastolic untwisting and con-
tinue into mid-diastasis. Figure 3 shows incomplete di-
astolic untwisting in the case of SPAMM because the
tags have faded too much for quantitative analysis.

Statistical Analysis

Comparisons between FASTþORI-CSPAMM and
FASTþSPAMM were only performed for the first 500

ms of the cardiac cycle due to tag fading in the
SPAMM images. Linear regression analysis with a
forced zero intercept and calculation of Pearson’s cor-
relation coefficient (r) were performed to compare
FASTþORI-CSPAMM with FASTþSPAMM for healthy
subject twist, torsion, and twist rate. The Wilcoxon
signed-rank test for paired non-parametric samples,
as well as, paired t-test with Bonferroni post hoc cor-
rection for multiple comparisons were used to com-
pare peak systolic twist, torsion, and CL-shear angle,
as well as, peak twisting and untwisting rates. A
P<0.01 was considered statistically significant after
the post hoc correction. Additionally, a paired t-test
was used to compare FASTþORI-CSPAMM and
FASTþSPAMM twist, torsion, and twist rate values for
first 500 ms of the cardiac cycle after data de-correla-
tion using a decimation interval equivalent to the first
zero crossing of the autocorrelation (autocorrelation
length of 3.4 6 0.4 cardiac phases) of the respective
curves. A Bland-Altman analysis was performed to
compare peak twist and torsion values measured
using FASTþORI-CSPAMM and FASTþSPAMM. A Kol-
mogorov-Smirnov test for normality was performed on
the peak twist data, which demonstrated the non-
Gaussian nature of the data. Due to the small sample
size and the non-Gaussian data, the 95% confidence
intervals were determined by bootstrapping the me-
dian of the biases (FASTþORI-CSPAMM minus
FASTþSPAMM), by sampling with replacement 10,000
times. The median of the bootstrapped data instead of
the mean was selected for a better representation of
the “typical” peak twist value. The Bland-Altman bias
is reported as the median of the biases. Peak data val-
ues were reported as mean 6 one standard deviation
with the inter-subject range of values in parenthesis
when applicable.

Figure 3. LV twist parameters that are enabled by FASTþ-
SPAMM and FASTþORI-CSPAMM include peak twist, peak
twisting rate, peak untwisting rate, duration of twisting, du-
ration of rapid untwisting, and the ratio of rapid untwisting
to peak twist, which gives insight into the atrial systolic com-
ponent of untwisting. Note that the FASTþSPAMM curve was
truncated to the first 500 ms of the cardiac cycle due to tag
fading.
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RESULTS

There was no significant difference for measures of
peak twist derived from FASTþORI-CSPAMM and
FASTþSPAMM in normal subjects (12.9 6 2.7� versus
11.9 6 4.0�, P¼0.4). Mean peak torsion derived from
FASTþORI-CSPAMM and FASTþSPAMM were not sig-
nificantly different (3.3 6 0.9�/cm versus 2.9 6 1.0�/
cm, P¼0.3). Mean peak CL-shear angle derived from
FASTþORI-CSPAMM and FASTþSPAMM were not sig-
nificantly different (9.1 6 3.0� versus 8.2 6 3.4�,
P¼0.3). Mean peak twist rates derived from
FASTþORI-CSPAMM and FASTþSPAMM were
79.6 6 20.2�/s and 68.2 6 23.4�/s (P¼0.1). Mean
peak untwist rate from FASTþORI-CSPAMM and
FASTþSPAMM was �117.5 6 31.4�/s versus
�106.6 6 32.4�/s (P¼0.3). Mean peak normalized
untwist rate derived from FASTþORI-CSPAMM and
FASTþSPAMM was �9.3 6 2.0/s versus �9.9 6 4.4/s
(P¼0.7). The Wilcoxon signed rank test did not reveal
any significant differences for the peak values stated
above (all P>0.01). The mean time to peak twist was
281 6 18 ms and 293 6 25 ms for FASTþORI-
CSPAMM and FASTþSPAMM, respectively (P¼0.04).
The mean duration of untwisting was 148 6 21 ms
measured with FASTþORI-CSPAMM. The mean ratio
of rapid untwisting to peak twist ratio was 0.9 6 0.3
measured with FASTþORI-CSPAMM. Both the dura-
tion of untwisting and the ratio of rapid untwisting to
peak twist could not be accurately measured with
FASTþSPAMM due to tag fading.

Bland-Altman analysis for peak FASTþORI-
CSPAMM twist and torsion data was compared with
the FASTþSPAMM data (Fig. 4). There was good
agreement between ORI-CSPAMM and SPAMM for cal-
culating LV twist (bias of �0.1� and 95% confidence
intervals of [�1.0�, 3.2�]) and torsion (bias of �0.01�/cm
and 95% confidence intervals of [�0.3�/cm, 0.8�/cm]),
respectively. Bland-Altman analysis for peak CL-shear
angle had a bias of �0.3� and a 95% confidence interval
of (�1.1�,2.3�). Bland-Altman analysis for peak
systolic twist rate and diastolic untwisting rate provided
a bias of 18.8�/s and �24.51�/s a 95% confidence
intervals of (�6.1�/s, 24.4�/s) and (�36.1�/s, 9.9�/s),
respectively.

Linear regression analysis for the first 500 ms of the
cardiac cycle using the FASTþORI-CSPAMM and
FASTþSPAMM data yielded a Pearson’s correlation
coefficients of r¼0.82 and the equation ORI-
CSPAMM¼0.95*SPAMM for the twist results and
r¼0.82 and the equation ORI-CSPAMM¼0.95*SPAMM
for the torsion results, respectively. Linear regression
analysis of twist rate, which includes twisting and
untwisting, provided r¼0.88 and the equation ORI-
CSPAMM¼0.97*SPAMM. The paired t-test of the deci-
mated data for the twist, torsion, and twist rate curves
did not reveal any significant differences between
FASTþORI-CSPAMM and FASTþSPAMM, P>0.8.

The average user interaction time for the FAST
method was 2.6 6 0.3 min. This time includes study
selection and contouring of the epicardium and endo-
cardium for the basal and apical slices for both hori-
zontal and vertical tags. The average postprocessing

computational time of four series of tagged images
was approximately 21 min performed on a MacBook
Pro with a 2.4 GHz Intel Core 2 Duo processor.

Qualitative Image Assessment

The ORI-CSPAMM sequence completely removes the
chemical shift displacement effect from the phase of
the tagging pattern (Fig. 2). In SPAMM (Fig. 2B), the
chemical shift in the tagging pattern arises as a func-
tion of the duration of the motion encoding gradient
and the readout gradient. The shift in the periodicity
of the SPAMM tagging pattern is �4.4 pixels in phan-
tom and �2.4 pixels in vivo between oil (i.e., fat) and
water. For CSPAMM (Fig. 2C), the shift in periodicity
of the tagging pattern is �8.4 pixels in phantom and
�4.4 pixels in vivo between oil and water. Figure 2D,
clearly illustrates that the chemical shift in the tag-
ging pattern has been removed as predicted by the
ORI theory. This is apparent in both in the chest wall
between subcutaneous fat and muscle and in the
heart at the myocardial–epicardial fat boundary.

DISCUSSION

FASTþORI-CSPAMM provides an automated method
for the quantitative assessment of LV systolic and dia-
stolic twist, torsion, twisting rate, untwisting rate,

Figure 4. Bland-Altman analysis of LV twist estimates (a)
from FASTþORI-CSPAMM compared with FASTþSPAMM for
the peak values indicates good agreement. The comparison
of LV twist measures has a bias of �0.1� and a variance of
(�1.0�, 3.2�). Bland-Altman analysis of LV torsion estimates
(b) from FASTþORI-CSPAMM compared with FASTþSPAMM
for the peak values indicates good agreement. The compari-
son of LV torsion measures has a bias of �0.01� and a var-
iance of (�0.3�, 0.8�).
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normalized untwisting rate, and time to peak twist
subsequent that is insensitive to off-resonance. Unlike
the fat suppression CSPAMM sequence proposed by
Fahmy et al (6), ORI-CSPAMM removes the effects of
off-resonance to the tagging pattern, however the tag
intensity of off-resonant tissues has a residual effect.
In Fourier space, where FAST image processing
occurs, ORI-CSPAMM provides more easily detectable
peaks (stimulated echoes and stimulated anti-echoes)
later into the cardiac cycle than FASTþSPAMM, which
allows reliable access to complete early diastolic
untwisting.

In the healthy heart, epicardial fat is a primary
source of off-resonant tissue. It should, however, lie
outside the region of interest used for FAST twist cal-
culations. Thus, no significant differences between
FAST twist measurements made with the ORI-
CSPAMM and SPAMM were detected in this work.
Nevertheless, there is a trend to higher reported sys-
tolic twist related parameters when using ORI-
CSPAMM, which is consistent with the expectation
from theory. For example, when tag analysis inadver-
tently includes tags that reside in the epicardial fat,
then rotation estimates will be over- or underestimated
when using FAST, unless ORI-CSPAMM is being used.
The over- or underestimation in rotation is due to the
discontinuity in the tagging pattern between the myo-
cardium and the epicardial fat, which contributes an
apparent rotation. Hence, the shifted fat tags contrib-
ute an additional rotation, which is easily detected
with FAST or another tag tracking technique. Similarly,
in patient populations with fatty infiltration of the LV
(10,11), FASTþORI-CSPAMM maybe particularly useful
in providing accurate twist measurements.

Bland-Altman results show a good agreement
between FASTþORI-CSPAMM and FASTþSPAMM, and
there were no statistical differences between the two
methods for the first 500 ms of the cardiac cycle.
These results indicate that for systole and early dias-
tole FASTþORI-CSPAMM and FASTþSPAMM yield
nearly equivalent results as expected. The values of
peak twist, peak torsion, peak twisting rate, and peak
untwisting rate matched well with literature values of
12.7 6 1.7� (12), 1.9 6 0.3�/cm (12), 85.9 6 28.6�/s
(13), and �114.6 6 40.1�/s (13), respectively. How-
ever, the value of peak CL-shear angle differed slightly
from previously reported values 7.7 6 1.2� (14). The
difference between the value reported in this study
and that of the literature may be due to the selection
of a more basal apical slice in this study. This selec-
tion of apical slice location leads to a larger apical epi-
cardial radius and a smaller distance between the
slice, which both contribute to the larger CL-shear
angle value reported in this study. Shear angle has
been reported to be a more robust measure of rota-
tional mechanics than twist or torsion, however, this
may not be the case as demonstrated by the differ-
ence reported in this study compared with a typical
literature value.

There are two important limitations to this study.
First, clinical patients were not included in this study.
To better understand how fatty infiltration affects
twist measurements made from tagged MR images, a

clinical study should be performed. Second, phase-cy-
cling used to generate CSPAMM images leads to lon-
ger breathhold durations when compared with
SPAMM, making ORI-CSPAMM acquisitions challeng-
ing for patients with limited breathhold capabilities.
These longer breathholds may also contribute to
changes in twist/torsion between acquisitions, due to
changes in loading conditions of the heart. Improve-
ments in acquisition efficiency may be overcome with
higher parallel imaging acceleration rates or the incor-
poration of prospective compressed sensing.

In conclusion, FASTþORI-CSPAMM quickly and
quantitatively calculates systolic and diastolic LV
twist, torsion, CL-shear angle, twisting rates, time to
peak twist, duration of untwisting, and the ratio of
rapid untwisting to peak twist. ORI-CSPAMM corrects
off-resonance accrued during tagging preparation and
readout and visibly removes chemical shift from the
tagging pattern, which confers greater robustness to
the derived quantitative measures.
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