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Technical Note

Intra- and Interscan Reproducibility Using
Fourier Analysis of STimulated Echoes (FAST)
for the Rapid and Robust Quantification of Left

Ventricular Twist

Meral Reyhan, PhD,"?* Hyun J. Kim, PhD,? Matthew S. Brown, PhD,"?

and Daniel B. Ennis, PhD'~3

Purpose: To assess the intra- and interscan reproduci-
bility of LV twist using FAST. Assessing the reproducibil-
ity of the measurement of new MRI biomarkers is an
important part of validation. Fourier Analysis of STimu-
lated Echoes (FAST) is a new MRI tissue tagging method
that has recently been shown to compare favorably with
conventional estimates of left ventricular (LV) twist from
cardiac tagged images, but with significantly reduced
user interaction time.

Materials and Methods: Healthy volunteers (N = 10) were
scanned twice using FAST over 1 week. On day 1, two meas-
urements of LV twist were collected for intrascan compari-
sons. Measurements for LV twist were again collected on day
8 for interscan assessment. LV short-axis tagged images
were acquired on a 3 Tesla (T) scanner to ensure detectability
of tags during early and mid-diastole. Peak LV twist is
reported as mean * SD. Reproducibility was assessed using
the concordance correlation coefficient (CCC) and the repeat-
ability coefficient (RC) (95% confidence interval [CI] range).

Results: Mean peak twist measurements were
13.4+4.3" (day 1, scan 1), 18.6+3.7 (day 1, scan 2),
and 13.0+2.7" (day 8). Bland-Altman analysis resulted
in intra- and interscan bias and 95% CI of —0.6° [-1.0,
1.6°] and 1.4 (-1.0°, 3.0'), respectively. The Bland-
Altman RC for peak LV twist was 2.6" and 4.0 for intra-
and interscan, respectively. The CCC was 0.9 and 0.6 for
peak LV twist for intra- and interscan, respectively.

Conclusion: FAST is a semi-automated method that pro-
vides a quick and quantitative assessment of LV systolic
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and diastolic twist that demonstrates high intrascan and
moderate interscan reproducibility in preliminary studies.
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ASSESSING THE REPRODUCIBILITY of the measure-
ment of new MRI biomarkers is an important part of
validation. LV twist is the preferred nomenclature of
the measurement defined as the difference in the rota-
tion of the apex of relative to that of the base of the
heart (1). Twist, according to this nomenclature, has
been shown to increase in patients with aortic steno-
sis (2) and hypertrophic cardiomyopathy (3), and
decrease in patients with transmural myocardial in-
farction (4) and dilated cardiomyopathy (5). As a
result, LV twist has been proposed as a functional left
ventricular imaging biomarker (6). When tracking
changes in twist for longitudinal assessment of
disease progression, the reproducibility of the mea-
surement is an important consideration. High repro-
ducibility (low variability) leads to greater confidence
in the observed changes and to the requirement for
smaller subject sample sizes in clinical trials. How-
ever, no intra- or interscan reproducibility studies of
LV twist derived from tagged MRI have been
performed.

Fourier Analysis of STimulated Echoes (FAST) is a
new MRI tissue tagging method that has recently been
shown to compare favorably with conventional esti-
mates of left ventricular (LV) twist from cardiac tagged
images, but with significantly reduced user interac-
tion time (7). The purpose of this study was to assess
the intra- and interscan reproducibility of LV twist as
measured by FAST. Additionally, the reproducibility of
Circumferential Longitudinal-shear angle (CL-shear
angle) was investigated (8).
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Figure 1. a: A traditional binomially weighted 1-1 SPAMM
tagging preparation is depicted for comparison with updated
ORI-SPAMM tagging prep. b: 1-1 ORI-SPAMM is depicted by
the addition of a 180" refocusing RF pulse to the traditional
1-1 SPAMM tagging preparation to correct for off-resonance
effects that accrue during motion encoding. In addition, the
tagging gradient has been split to minimize the duration of
the tag preparation.

MATERIALS AND METHODS
ORI-SPAMM Sequence

Off-resonance due to field inhomogeneity and chemi-
cal shift leads to unwanted signal characteristics,
which can lead to inaccuracies in quantitative meas-
ures such as LV strain measured by DENSE (9) and
rotation or the velocity of flowing blood measured by
phase contrast (10). Off-Resonance Insensitive-
SPAMM (ORI-SPAMM) was developed to negate the
effects of off-resonance accrued during motion encod-
ing. The original SPAMM (11) tagging preparation,
Figure la is used to generate a sinusoidal tagging pat-
tern that can be used to quantify rotation of the LV.
The ORI-SPAMM prep, modifies the original SPAMM
tagging prep to include a 180" refocusing pulse and a
split motion encoding gradient, Figure 1B. The theory
behind these pulse sequence alterations has been pre-
viously presented as part of ORI-CSPAMM sequence
(12). However, the CSPAMM phase-cycling leads to
long breathhold times, challenging the breathhold
capabilities of both pediatric and adult patients.
ORI-SPAMM was developed as a short breathhold
sequence and when performed at 3.0T, rather than at
1.5T it offers better tag contrast through mid-diastole.

Healthy Subjects MRI Protocol

The local institutional review board approved this
study and all subjects provided written informed con-
sent. Eleven healthy human subjects with no history
of cardiovascular or respiratory disease were included
in the study. One subject was excluded due to sick-
ness on the second day of scanning. The remaining
10 subjects were scanned twice (1 female, mean age
of 27.9+4.1 years, weight 71.4+10.6 kg, height
1.8 = 0.1 m, heart rate 55.1 + 8.6 beats/min).

End expiration breathheld ECG triggered images
were acquired for head-first supine subjects, scanned
with a Siemens Trio 3.0T scanner (Siemens Health-
care, 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 (bSSFP) cine images were
acquired using a 6 mm slice thickness and a 66% gap
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between slices, in parallel left ventricular (LV) short-
axis planes and used to select basal and apical slices
for acquisition of tagged images. The criteria for
selecting short axis slices from which twist measure-
ments were derived was defined as follows: most api-
cal slice containing the presence of the blood pool
throughout the entire cardiac cycle and the most ba-
sal slice in which the LV myocardium maintained a
continuous annular shape during the entire cardiac
cycle. These bSSFP slices were used to prescribe
the two slices for tagging and subsequent image
processing.

A cardiac gated spoiled gradient echo sequence was
modified to support 1-1 binomially weighted ORI-
SPAMM line tags (with a total tagging flip angle of
134°). This sequence was used to acquire short-axis
images at the base and apex of the LV with the follow-
ing parameters: 280-330 x 280-330 mm field-of-view,
6 mm slice thickness, 192 x 192 acquisition matrix,
395 Hz/pixel receiver bandwidth, echo time/repetition
time (TE/TR)=2.33-2.39/4.71-4.83 ms, 8 views per
segment, 12° imaging flip angle, 8 mm tag spacing,
GRAPPA acceleration factor 2 with 24 central lines,
and 14-27 cardiac phases. The breath hold duration
was 15 heart beats (12.5*1.9 s depending upon
heart rate). Cine tagged images were acquired using
both horizontal and vertical tagging in separate breath
holds. Scans were performed at 3.0T to ensure tag
contrast through mid-diastole.

Each subject was scanned twice with 8 days
between the scans. On day 1, two measurements of
LV twist were collected for intrascan comparisons,
using the same apical and basal slice positions for
both scans. On day 8, one measurement of LV twist
was collected for interscan comparisons. The acquisi-
tion order of the apex and base horizontally and verti-
cally tagged slices was randomized to minimize
ordering bias arising from heart rate changes due to
multiple breathholds from influencing twist measure-
ments. The distance between apical and basal slices
was kept constant between both days of scanning.

Fourier Analysis of STimulated echoes (FAST)

FAST (7) is a semi-automated image processing
method designed to quantify LV rotation from tagged
MR images. The only user interaction necessary is
contouring of the epicardium and endocardium in an
end-systolic cardiac frame and in an early systolic
cardiac frame, respectively. In this study, one opera-
tor performed contouring. The main principle of the
FAST method is that rotation in image space has a
one to one correspondence with rotation in Fourier
space, but in Fourier space the tagging information is
focused into stimulated echoes, which are easy to
track. The user-defined contours are used to isolate
the region of interest in the images (LV myocardium),
then the images are Fourier transformed. The central
peak in Fourier space is nulled, and the image is sub-
sequently cropped. Two-dimensional cross-correlation
is used to determine rotation between cardiac frames,
from which a cumulative rotation of the ventricle with
respect to time is determined. When horizontally and
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Figure 2. A typical basal tagged slice acquired on day 1 scan 1, day 2 scan 2, and day 8. The tissue to tag contrast fades
with time, however, the tags are detectable at end-systole (339 ms) through mid-diastole.

vertically tagged images are collected, the cumulative
rotational data for the two different tagging directions
is averaged to combine the data. This process is
applied to images collected at both the apex and base
of the heart, and the difference between the two rota-
tions is defined as twist. The FAST method has been
described in more detail and previously validated
using both SPAMM and CSPAMM images in healthy
volunteers (7,14). Peak twist was defined as the maxi-
mum difference in rotation between the apex and the
base.

The circumferential-longitudinal
(CL-shear angle) was defined as (8):

CL-Shear — d)apexpapex - d)basepbase
N D

shear angle

where ¢ is rotation of the apex or base in degrees, p 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 has been suggested to be a
better measure of LV function compared with twist,
due to its normalization for heart size and purported
relative independence of the selection of imaging
planes (1). Twist rate was defined as the discrete
derivative of twist with respect to time with units of
deg/s. Peak twist rate was defined as the maximum
twist rate. Peak diastolic untwist rate was defined as
the minimum twist rate.

Statistical Analysis

For each volunteer, the intra- and interscan reprodu-
cibilities of peak twist were assessed according to the
following method. First, a paired t-test was used to
test for the difference in peak twist between day 1,
scan 1 and day 1, scan 2 (intrascan), as well as
between day 1, scan 1, and day 8 (interscan). A
P<0.05 was considered statistically significant.

Next, the concordance correlation coefficient (CCC),
a measure which evaluates how close the data are to
the line of identity, was used to determine agreement

for the intra- and interscan peak twist. Lastly, Bland-
Altman analysis (15) was used to compute the
repeatability coefficient (RC), the range of the 95%
confidence interval (CI), for peak twist, which gives an
indication of the variability of the measurement of
peak twist. Bootstrapping, sampling with replacement
(1000 times), was used to determine the RC and 95%
CI for the median of the difference of peak twist due
to the limited sample size and non-Gaussian distribu-
tion. Bland-Altman bias is reported as the median of
the difference in peak twist. Peak data values were
reported as mean * one standard deviation.

RESULTS
Image Quality

All of the data from all subjects over multiple days of
scanning were qualitatively acceptable and routinely
analyzable by FAST without issue. Figure 2 depicts an
example of basal tagged images from a single normal
subject acquired on day 1 and day 8. There is a good
match between the basal slice levels from day 1 to
day 8. Additionally, there is a noticeable loss of tissue
to tag contrast in the diastolic images. However,
because this scan was performed at 3T, the tags are
visible through mid-diastole.

Intrascan Comparisons of LV Twist

Figure 3 illustrates the differences observed in mean
twist as a function of frame number for the three sep-
arate scans. Mean twist from day 8 deviates from the
other scans starting at end-systole and maintains this
deviation through diastole. Note that peak twist
observed in these averaged curves is not the same as
the average of the individual peaks (Table 1).
Intrascan differences (day 1, scan 1 versus day 1,
scan 2) were not significantly different. Mean
peak twist measurements were 13.4+4.3" (day 1,
scan 1) and 13.6+3.7 (day 1, scan 2). Results are
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Figure 3. The high intrascan and interscan reproducibility of
mean LV twist as a function of frame number for day 1 scan
1, day 1 scan 2, and day 8. Error bars represent = 1 stand-
ard deviation.

summarized in Table 1. Paired t-tests showed no sig-
nificant differences in peak LV twist for intrascan val-
ues (P=0.90). Bland-Altman analysis resulted in an
intrascan bias and 95% CI of —0.6" (—1.0", 1.6") (Fig.
4a). The intrascan Bland-Altman RC for peak LV twist
was 2.6°, showing excellent reproducibility between
the two different scans. The intrascan CCC was 0.9,
indicating excellent peak twist agreement.

Mean peak systolic twist rates were 80.3*11.8 /s
(day 1, scan 1) and 81.1 + 12.17 /s (day 1, scan 2) and
the mean peak diastolic untwisting rates were
—105.3+21.2"/s (day 1, scan 1) and —102.2 =27.4" /s
(day 1, scan 2), respectively. Bland-Altman analysis
resulted in an intrascan bias and 95% CI of —1.3"/s
(-5.3"/s, 3.9'/s) for systolic twist rate and 3.3 /s
(-17.3" /s, 10.5 /s) for diastolic untwisting rate.

Interscan Comparisons of LV Twist

There was a trend indicating no interscan statistical
differences (day 1, scan 1 versus day 8). Mean peak
twist measurements were 13.4 +4.3° (day 1, scan 1)
and 13.0*2.7" (day 8). Paired t-tests showed no sig-
nificant differences in peak LV twist for interscan val-
ues (P=0.11). Interscan Bland-Altman analysis
resulted in a bias and 95% CI of 1.4° (-1.0°, 3.0)
(Fig. 4b). The Bland-Altman RC derived from the
interscan peak LV twist was 4.0°, indicating good
reproducibility between the scans performed on dif-
ferent days. The interscan CCC was 0.6 for peak LV
twist, which indicates moderate agreement.

Mean peak systolic twist rate and diastolic untwist-
ing rate were 80.3+11.8"/s and 71.2+15.4" /s (day
1, scan 1, and day 8) and —105.3+21.2"/s and
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Figure 4. a: Intrascan Bland-Altman analysis of LV twist
estimates indicates excellent agreement. The intrascan com-
parison of LV twist measures has a bias of —0.6" and a 95%
CI of (—~1.0°, 1.6"). b: Interscan Bland-Altman analysis of LV
twist estimates indicate good agreement. The interscan com-
parison of LV twist measures has a bias of 1.4" and a 95%
CI of (-1.0°, 8.0°).

—106.7 = 23.6" /s, respectively. Bland-Altman analysis
resulted in an interscan bias and 95% CI of 4.8 /s
(—=4.5" /s, 20.1°/s) and 2.0'/s (-25.2" /s, 18.1"/s) for
systolic twist rate and diastolic untwisting rate,
respectively.

CL-Shear Angle Comparison

Mean peak CL-shear angles were 6.8+ 1.3 (day 1,
scan 1), 6.8+ 1.3" (day 1, scan 2), and 6.4+ 1.2° (day
8). Bland-Altman analysis resulted in intra- and inter-
scan bias and 95% CI of 0.0" (—0.7°, 0.9°) and 0.0°
(-0.5", 1.1°), respectively. Paired t-tests showed no
significant differences in peak CL-shear angle for
intra- and interscan values (P=0.91 and P=0.36,
respectively). The Bland-Altman RCs for peak
CL-shear angle were 1.6" and 1.6 for intra- and inter-
scan, respectively, demonstrating good repeatability.
The CCCs were 0.8 and 0.6 for peak CL-shear angle
for intra- and interscan, respectively, indicating good
and moderate agreement, respectively.

Table 1
Intra- and Interscan Statistics
Mean peak Mean peak Bland-Altman
Mean peak CL-shear Mean peak twist untwisting peak twist RC peak  CCC peak P-value
twist (deg)  angle (deg) rate (deg/s) rate (deg/s) bias (95% CI) twist twist peak twist
Intrascan  13.4+4.3, 6.8+1.3, 80.3+11.8, —-105.3+21.2, —-0.6 [-1.0',1.6'] 2.6 0.9 P=0.9
13.6+3.7 6.8+1.3 81.1+12.1 -102.2+27.4
Interscan  13.4=4.3, 6.8+1.3, 80.3+11.8, -105.3+21.2, 1.4 [-1.0',3.0'] 4.0° 0.6 P=0.11
13.0x2.7 6.4+1.2 71.2x15.4 —106.7+23.6
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DISCUSSION

This study demonstrates that peak LV twist is a re-
producible quantitative measure of left ventricular
function. The intra- and interscan RC values were
under 4°, suggesting the changes in an individual's
twist greater than 4° would indicate significant
change. If a 4" limit in the absolute difference of the
measurements is used to calculate the specificity of
LV twist, the specificity would be 80%. Because all
volunteers were healthy subjects, it is not possible to
determine sensitivity.

However, several LV twist studies have reported
changes in twist ranging from 3.5  to 7.6" with respect
to different cardiovascular diseases. Cheung et al
reported a mean peak twist decrease of 3.5 for sub-
jects who underwent Teratology of Fallot (TOF) repair
relative to normal control subjects (16). Lindqvist et al
demonstrated a mean peak twist decrease of 4.4° in
patients with severe aortic stenosis post aortic valve
repair (17). Kanzaki et al demonstrated a decrease in
mean peak twist of 7.5" in patients with dilated car-
diomyopathy relative to normal control subjects (5).
Young et al showed an increase of 5.3 in mean peak
twist in patients with hypertrophic cardiomyopathy
compared with normal control subjects (3). Shudo et
al reported a mean peak twist increase of 7.6  in
patients with mitral regurgitation post mitral annulo-
plasty (18). In all, but one of these studies (TOF
repair) FAST would be sensitive enough to detect the
change in LV twist.

Peak CL-shear angle also proved to be a highly
reproducible measure. The intra- and interscan RC
values were equal, suggesting scanning over multiple
visits may be equivalently reproducible. Peak
CL-shear angle may prove to be more reproducible
over multiple visits than peak twist, as the RC repre-
sents a smaller percentage of the mean peak CL-shear
angle (24%) compared with the RC of peak twist (30%).

This study had three primary limitations: small
cohort size, variability of apical and basal slice selec-
tion on different days, and physiological differences
arising from multiple breathholds. This study was
performed under ideal scanning conditions using a
small cohort (n=10) of healthy subjects; thus, the
results may represent the lowest limits of reproduci-
bility for a well controlled clinical research study.
Twist measurements are highly dependent on the
choice of apical and basal slices (19). Measures such
as torsion and CL-shear angle are often suggested to
alleviate the dependence of twist on slice selection. In
this study, we sought to minimize the slice selection
problem by having one MRI operator perform all the
scans and by selecting slices with the same separa-
tion between scans. Additionally, the heart rates for
the normal subjects enrolled in this study were lower
than would be expected for clinical patients. The
higher heart rates in a clinical setting may necessitate
acquisitions with improved temporal resolution so as
to maintain the limits of reproducibility reported
herein.

Based on the anatomical landmarks that were sys-
tematically used for this study, it is possible that the
apical and basal slices selected on day 8 may have
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both been more apical or basal by up to ~5 mm (half
the slice thickness and gap between slices) compared
with day 1. This influence may have contributed to
differences seen in interscan peak twist, but twist is
not expected to vary strongly as a function of apical-
basal location; hence, this error is likely quite small.
The decision to keep the distance between slices
the same may contribute to less variability in peak
CL-shear angle in this study.

In conclusion, FAST is a semi-automated method
that provides quick and quantitative assessment of
LV systolic and diastolic twist that demonstrates both
high intra- and interobserver reproducibility (7) and
now high intrascan and moderate interscan reprodu-
cibility. The study has also demonstrated that the CL-
shear angle is similarly reproducible. FAST estimates
of LV twist and CL-shear may serve as a useful
quantitative imaging biomarker of LV dysfunction in
longitudinal studies.
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