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Abstract

Purpose—To determine the inter-study reproducibility of magnetic resonance feature tracking
(MR-FT) derived left ventricular (LV) torsion and torsion rates for a combined assessment of
systolic and diastolic myocardial function.

Materials and Methods—Steady-state free precession (SSFP) cine LV short-axis stacks were
acquired at 9:00 (Exam A), 9:30 (Exam B) and 14:00 (Exam C) in 16 healthy volunteers at 3 T.
SSFP images were analysed offline using MR-FT to assess rotational displacement in apical and
basal slices. Global peak torsion, peak systolic and peak diastolic torsion rates were calculated
using different definitions (“twist”, “normalized twist” and “circumferential-longitudinal (CL)
shear angle”). Exam A and B were compared to assess the inter-study reproducibility. Morning
and afternoon scans were compared to address possible diurnal.

Results—The different methods showed good inter-study reproducibility for global peak torsion
(intraclass correlation coefficient (ICC):0.90-0.92;coefficient of variation (CoV):19.0-20.3%) and
global peak systolic torsion rate (ICC:0.82-0.84;CoV:25.9-29.0%). Conversely, global peak
diastolic torsion rate showed little inter-study reproducibility (ICC:0.34-0.47;CoV:40.8-45.5%).
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Global peak torsion as determined by the CL shear angle showed the best inter-study
reproducibility (ICC:0.90;CoV:19.0%). MR-FT results were not measurably affected by diurnal
variation between morning and afternoon scans (CL shear angle: 4.8+1.4°,4.841.5° and 4.1+1.6°
for Exam A, B and C, respectively; p=0.21).

Conclusion—MR-FT based derivation of myocardial peak torsion and peak systolic torsion rate
has high inter-study reproducibility as opposed to peak diastolic torsion rate. The CL shear angle
was the most reproducible parameter independently of cardiac anatomy and may develop into a
robust tool to quantify cardiac rotational mechanics in longitudinal MR-FT patient studies.

Keywords

inter-study reproducibility; cardiovascular magnetic resonance; feature tracking; torsion; twist;
circumferential longitudinal shear angle

Introduction

Left ventricular (LV) torsion describes the systolic twisting motion resulting from basal
clockwise rotation and apical counter-clockwise rotation (when viewed from the apex) (1).
Previous data attribute up to 40 % of LV stroke volume to ventricular twisting dynamics (1,
2) The phenomenon has been variably described as simple twist (3), normalized twist (often
referred to as “Torsion”) (4) and the circumferential-longitudinal (CL) shear angle (5).

The untwisting motion during early diastole — as captured by peak diastolic torsion rate —
seems particularly important to early LV filling and therefore represents a potential imaging
biomarker for the characterisation of LV diastolic function (6). At the present time, MR
myocardial tagging is considered the reference standard for the assessment of LV rotational
dynamics. Alternative MR based techniques include tissue phase mapping (7) and
displacement encoding with stimulated echoes (DENSE) (8). These techniques require
acquisition of additional sequence and are often associated with time-consuming post-
processing, limiting their clinical applicability.

MR myocardial feature tracking (MR-FT) is a technique that allows quantification of
myocardial deformation from standard steady-state free precession (SSFP) images acquired
clinical MR examination (9-12). The feasibility of CMR-FT derived LV torsion has recently
been described, demonstrating good intra- and inter-observer reproducibility (13). However,
inter-study reproducibility is a key requirement to apply this novel technique in longitudinal
studies with repeated measurements. Accordingly, the aim of the present study was to
investigate the inter-study reproducibility of CMR-FT derived torsion and recoil rates using
the aforementioned definitions and to assess whether this is measurably affected by diurnal
physiological alterations.

Materials and Methods

The study complies with the Declaration of Helsinki and was approved by the local ethics
committee. 16 healthy volunteers (8 male, 8 female) aged 27.9 + 5.7 with a body mass index
of 26.2 + 6.8 kg/m? were recruited from the local university. Exclusion criteria included
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known cardiac, respiratory, or renal disease or a contraindication to MR. All participants
gave written informed consent.

MR Imaging

Participants underwent 3 MR examinations on the same day. All imaging was performed at 3
T (Achieva, Philips Medical Systems, Best, The Netherlands) with participants in the supine
position using a 32-channel phased array receiver cardiac coil. On the day of the scans
subjects were asked to fast from midnight. The first MR examination was performed at 9:00
(Exam A), followed by a second exam at 9:30 (Exam B). Participants were removed from
the scanner and taken off the table between the Exams. Repositioning was performed before
Exam B. In order to try and maximise physiological changes, participants then left the
department to eat and drink (except of caffeine-containing drinks) as normal. They returned
at 14:00 for the third scan (Exam C). Exams A and B were acquired to assess for the
inherent variability of MR-FT quantification of LV torsion and torsion rate. Morning scans
(Exams A and B) were compared to Exam C to assess for diurnal physiological alterations
due to circadian rhythms, different states of hydration or any other reason. Systolic (SBP)
and diastolic blood pressures (DBP) as well as heart rate (HR) were measured at the
beginning of each Exam A-C.

The MR protocol included an initial survey, coil reference scan and planning to define
imaging planes, independently for all three MR scans. Cine images were acquired using a
standard ECG-gated balanced steady state free precession (SSFP) sequence. Long-axis
views were used to define 11 — 15 equidistant short-axis planes covering the entire LV (in-
plane resolution 1.8 x 2 mm, slice thickness 8 mm, gap 8mm, 30 time frames). Identical
protocols were used for all three exams (including repositioning prior to every exam) and for
all volunteers.

Data Analysis

LV end-diastolic (LVEDV), LV end-systolic volumes (LVESV) and ejection fraction (LVEF)
were measured from all Exam A-C using a commercially available software package (CMR
42, Circle, Canada).

MR-FT was performed using dedicated software (TomTec Imaging Systems, 2D CPA MR,
Cardiac Performance Analysis, Version 1.1.2, Unterschleissheim, Germany). MR-FT is
based on an algorithm for endo- and epicardial border tracking, which is guided by
inhomogeneity of tissue brightness or anatomical features using a maximum likelihood
method. The details of the MR-FT algorithm have been published previously (14, 15).

Images were analysed in a random order by a blinded experienced observer (JTK, 3 years
experience in MR-FT). From the short-axis stack, the most apical plane still showing LV
cavity at systole and the most basal plane still showing a complete circumference of
myocardium during the entire cardiac cycle were identified. From these two planes, adjacent
planes directed towards the mid-ventricle were chosen to perform MR-FT, since previous
data showed inferior performance of MR-FT in the most apical and basal short-axis slices
(13).
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LV endocardial and epicardial borders were manually traced in the apical and basal slice
(Fig. 1) using a point-and-click approach with the initial contour set at LV end-diastole.
Endocardial and epicardial border surfaces were manually delineated before the automated
tracking algorithm was applied. This software automatically tracks 48 subendocardial and
subepicardial tissue voxels throughout the cardiac cycle. Tracking performance was visually
reviewed to ensure accurate tracking of the ventricular myocardium. In case of insufficient
border tracking manual adjustments were made to the initial contour and the algorithm was
reapplied. Tracking was repeated for three times including redrawing of the contours in each
short-axis view. Results were based on the average of the three repeated measures.

Areas within the epicardial and endocardial contours were calculated from the FT result files
using MATLAB (The MathWorks, Version R2014b, MA, USA).

Definition Of Torsion And Torsion Rate

Torsion and torsion rates were calculated using Microsoft Excel 2011 for Macintosh.
Averaged LV rotation profiles were calculated from the rotational displacement of all 48
tissue voxels in apical and basal slices. Three different definitions were used to capture LV

torsion:

1.

Simple twist (further referred to as “twist™), which corresponds to a subtraction
of basal clockwise rotation (¢pase) from apical counter-clockwise rotation (¢apex)
@):

Twist = ¢apex ~ Phase

Twist normalized to LV length (further referred to as “normalized twist”), which
has been commonly described as “Torsion” in the literature and corresponds to
Twist divided by the distance (D) between apical and basal imaging planes as
calculated from the sum of inter-slice gaps and slice thicknesses (16):

(‘bapex ~ Dpase

Normalized Twist = D

Circumferential Longitudinal Shear Angle (hereafter referred to as “CL shear
angle™), which corresponds to twist normalized to LV length and diameter, where
D is the inter-slice distance and papex and ppase the apical and basal radius,
respectively, as calculated from the area (endocardial or epicardial) within the
contour at each time frame assuming a circle (5):

(¢apex - ¢base) ’ ('0 apex P base)

CL Shear Angle = "D

We analysed subepicardial and subendocardial torsion separately and also global LV torsion
(averaged subendocardial and subepicardial torsion). Peak systolic (positive) torsion rates
and peak diastolic (negative) torsion rates were calculated from the first derivative of torsion

(Fig. 2).
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Statistical Analysis

Results

Statistical analysis was performed using Microsoft Excel and IBM SPSS Statistics version
22 for Macintosh. Data from Exam A-C are expressed as mean (+ standard deviation) based
on the scans of all 16 volunteers. The Shapiro-Wilk test was applied to ensure normally
distributed data. Since systolic and diastolic torsion rates were not normally distributed, a
natural logarithmic transformation was performed. The Shapiro-Wilk test was reapplied to
check for normal distribution after natural logarithmic transformation. A one-way analysis
of variance for repeated measures with Bonferroni post hoc adjustment in case of
significance was conducted to evaluate the null hypothesis that there is no change in torsion
or torsion rate between the repeated Exams A, B and C. All p values < 0.05 were considered
statistically significant.

The inter-study variability (Exam A vs. Exam B) was assessed by intraclass correlation
coefficients (ICC) using a model of absolute agreement. Agreement was considered
excellent when ICC > 0.74, good when ICC = 0.60-0.74, fair when ICC = 0.40-0.59, and
poor when ICC < 0.4 (17). Bland Altman analysis and coefficients of variation (CoV) were
calculated. The CoV was defined as the standard deviation of the differences divided by the
mean (18). Furthermore, study sample sizes required to detect a relative 10, 15 or 20%
change in torsion or torsion rate with a power of 80% and an a error of 0.05 were calculated
as follows:

n=f@P) o>
(52

where n is the sample size, a the significance level, P the study power required, and f the
value of the factor for different values of a and P (f = 7.85 for a 0.05 and P 0.8), with o the
inter-study standard deviation of differences between Exam A and B, and & the magnitude of
the differences to be detected.

One participant did not attend Exam C, so that a total of 16 measurements were compared
for the derivation of inter-study reproducibility (Exam A vs. Exam B) and 15 measurements
were compared for the assessment of diurnal variation in torsion and torsion rate (Exam A
and B vs. Exam C). All scans were successfully analysed using MR-FT. Results are reported
for global parameters. Results for subendocardial and subepicardial torsion and torsion rates
are reported in the online supplementary material (Table S1, S2 and S3). Participants LV
volumes, LVEF, SBP/DBP and HR did not show any significant differences between the
Exams A-C (Table 1).

Torsion And Torsion Rates

Global torsion and torsion rate parameters as derived from the three different definitions and
for all three Exams are summarised in Table 2 and displayed in Fig. 3. Subepicardial peak
systolic torsion rate as determined by “twist” and “normalized twist” was significantly
different between Exam B and C (both p = 0.02, see Table S1 in the supplementary
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material). There were no significant differences in any of the other torsion and torsion rate
parameters between all three repeated exams as determined by either definition. There was
no measurable diurnal variation between morning and afternoon scans.

Inter-study Reproducibility

Mean differences + 2 SD (Bland-Altman analysis), CoV and ICC for global torsion and
torsion rates are summarised in Table 3 for the different definitions (Exam A vs. Exam B).
Reproducibility was comparable between all three definitions. There was good
reproducibility for global peak torsion (ICC = 0.90) and global peak systolic torsion rate
(ICC = 0.82) using any definition. The lowest variability was found for global peak torsion
as determined by the CL shear angle (CoV 19.0%). Peak global torsion as determined by
normalized twist showed the highest ICC (0.92). In contrast, reproducibility for global peak
diastolic torsion rate was fair to poor using any definition. Bland-Altman plots for global
torsion and torsion rates are displayed in Fig. 4.

Sample Size Calculations

The differences in reproducibility between peak torsion and peak systolic torsion rate on the
one hand, and peak diastolic torsion rate on the other hand are reflected in the sample size
calculations. Sample sizes required to detect a relative 10%, 15% or 20% change in global
torsion and torsion rates are summarised in Table 4. Sample sizes range from n=15 to detect
a 20% change in peak torsion as determined by CL shear angle (corresponds to a magnitude
of 1.0 ° in the present study) and n=322 to detect a 10% change in peak diastolic torsion rate
as determined by CL shear angle (corresponds to a magnitude of 3.1 ° s1 in the present
study).

Discussion

The current study aimed to assess the inter-study reproducibility of MR-FT for the analysis
of LV torsion and torsion rates. Firstly, it demonstrates that there is good inter-study
reproducibility of peak torsion and peak systolic torsion rate whilst peak diastolic torsion
rate quantification is highly variable between repeated measurements. Secondly, we
compared a number of different MR-FT measures of torsion and found comparable inter-
study reproducibility of the different methods. Finally, there was no measurable diurnal
variation of global torsion and torsion rates.

Inter-study reproducibility is crucial when repeated examinations are required. As shown
previously, LV volumetric assessment derived from MR has high inter-study reproducibility
and reduces sample sizes by up to 90% when compared to echocardiography (18). Higher
reproducibility means that smaller changes can be detected with increased reliability. This is
particularly important when subtle changes need to be quantified in serial examinations e.g.
effects induced by pharmacological or life-style interventions. MR-FT represents a relatively
novel approach to quantify LV rotational dynamics (13, 19). Previous MR-FT studies
primarily focused on ventricular strain measurements. The reproducibility and repeatability
varies between studies with most studies reporting reasonable reproducibility of global strain
values (20, 21). As demonstrated by Morton et al. the highest inter-study reproducibility for
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LV MR-FT has been reported for LV global circumferential strain (20). In contrast,
segmental strain parameters — which would be particularly relevant for assessing patients
with coronary artery disease — were less reproducible. This study demonstrates that the
reproducibility of global LV torsion is as good as global LV circumferential strain (20).
Higher reproducibility of global measurements is most likely a result of averaging rotation
from all tracked features in one imaging plane. In order to further maximise reproducibility,
all measurements were repeated three times and corresponding averaged rotational profiles
were included in the calculation of torsion. This strategy has improved the reproducibility in
previous MR-FT investigations (10, 13) and is based on speckle tracking echocardiography,
which typically includes averaged deformation indexes from three to five consecutive
cardiac cycles (3, 22). Furthermore, we did not include the very basal and apical short-axis
planes in our analyses, since previous studies confirmed improved intra- and inter-observer
reproducibility, as well as a more robust evaluation of physiological alterations during
inotropic stimulation, measuring rotation of slices slightly closer to the mid-ventricle (13).
This is probably because through-plane motion is particularly pronounced in the very basal
and apical short-axis imaging planes and can cause loss of tracked features from the imaging
plane.

The sample size calculations in the current study demonstrate that relatively small samples
are required to detect a 20% change in peak torsion and peak systolic torsion rate. It is
important to note that the image quality of our healthy volunteers was good in all cases.
Reproducibility and sample sizes may therefore be different in patients or when image
quality is reduced. However, although dobutamine stimulation may reduce image quality, a
previous MR-FT study in a patient group with coronary artery disease even demonstrated
improved MR-FT reproducibility during dobutamine exposure as compared to
measurements at rest (23).

The degree of variability of a given clinical parameter that may be considered as acceptable
is also dependent on the magnitude of change to be expected in follow-up examinations.
Longitudinal studies on patients undergoing cardiac resynchronization therapy (CRT)
revealed increased LV torsion after CRT implantation in responders by on average +300%
(24) whilst a decrease by on average -40% was reported in non-responders (25). Therefore,
our reported reproducibility of MR-FT derived rotational dynamics appears as if it may be
sufficient to detect clinically relevant changes. However, the high variability of peak
diastolic torsion rate (CL shear angle: ICC = 0.34; CoV = 45.5%) means that this parameter
does not yet appear applicable to clinical trials with repeated measurements. The high
variability of peak diastolic torsion rates is most likely explained by through-plane motion,
which occurs particularly in healthy individuals during the fast early LV relaxation, causing
loss of tracked features from the imaging plane in a short period of time. LV peak diastolic
torsion rate (often referred to as “diastolic untwisting” or “diastolic recoil””) has shown to be
a sensitive imaging biomarker of LV diastolic function in a variety of cardiovascular
disorders (5). Accordingly, robust quantification of this parameter is highly desirable. Future
studies will need to investigate whether two-dimensional (2D) feature tracking can be
refined enough to overcome this limitation. If 2D MR-FT has reached its performance limit,
correction of through-plane motion by the development of three dimensional (3D) feature
tracking might improve the quantification of diastolic recoil.
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In the present study we have investigated the inter-study reproducibility of LV torsion and
torsion rate as determined by the different definitions: twist, normalized twist and CL shear
angle. The simple twist definition is generally not recommended when using MR because
the results are not comparable between patients with different anatomy (26). In fact, the CL
shear angle definition seems most promising to make LV torsion comparable between
different sized hearts since it is takes both LV length and LV diameter into consideration (5).
Our results demonstrate that the inter-study reproducibility between all considered
definitions — twist, normalized twist and CL shear angle — is in fact comparable. Therefore,
this supports the use of CL shear angle in future MR-FT studies because it is independent of
cardiac anatomy.

Our study aimed to assess diurnal variation of LV rotational dynamics by comparing
morning and afternoon measurements. It is important to note, that based on our sample size
calculations, our study was underpowered to detect changes in torsion rate parameters below
20%. However, we found a statistically significant difference in subepicardial peak systolic
torsion rate for twist and normalized twist (Exam B vs. C). This finding seems to be
paralleled by a trend towards lower LV torsion in Exam C as compared to Exam A and B. In
contrast, no differences or trends were observed for conventional LV functional parameters.
These findings might be in accordance with previous data by Hansen et al. who
demonstrated that changes in sympathomimetic stimulation — which should also occur
during the course of one day — influence LV torsion even more than conventional indexes
such as LV stroke volume and LVEF (27).

The fact that previous studies have been performed using different definitions e.g. twist,
normalized twist or CL shear angle definition of LV torsion, makes it difficult to compare
the reported reproducibility. There are only limited inter-study reproducibility data on CMR
based quantification of torsion. In a substudy of the Multi-Ethnic-Study of Atherosclerosis,
Donekal et al. reported inter-study reproducibility of CMR myocardial tagging with an ICC
of 0.73 for peak torsion, ICC of 0.4 for peak systolic torsion rate and ICC of 0.37 for peak
diastolic torsion rate as determined by the normalized twist definition (28). Swobodo et al.
showed good inter-study reproducibility for twist measurements using complementary
spatial modulation of magnetization (29). Furthermore, Reyhan et al. (30) described
moderate inter-study reproducibility for twist and CL shear angle using Fourier analysis of
stimulated echoes (FAST) — a novel MR tagging method. Speckle tracking
echocardiography (STE) represents another technique that has been used for the study of LV
rotational dynamics in a variety of cardiovascular disorders. STE is widely available and
benefits from high temporal resolution. However, there are legitimate concerns that STE
might not be robust enough for LV torsion quantification in longitudinal studies (31). STE
suffers from limited image quality especially occasionally poor acoustic windows, making it
impossible to perform STE in significant numbers of study samples (32, 33). Kim et al.
reported feasibility in 56/160 (35%) participants (32), Park et al. in only 274/1408 (20%)
participants enrolled for STE derived quantification of LV twist (33). In general 2D
echocardiography does not allow a reliable and uniform selection of apical and basal slices
in individual subjects, which has proved to be crucial for robust quantification of myocardial
twisting motion (3, 13). Whether or not 3D echocardiography may overcome this limitation
remains to be demonstrated. The reported inter-study reproducibility of 2D STE varies
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between excellent in a sample of 5 healthy volunteers (3) and poor to moderate in a study of
20 subjects (33). 2D STE is limited to the simple twist definition, since an accurate
assessment of the inter-slice distance between apical and basal slices is generally not
possible. Therefore, a comparison of torsion between subjects with different sized hearts
cannot be achieved as discussed above.

Our study is limited due to the inclusion of healthy volunteers rather than patients.
Reproducibility might vary between healthy volunteers and patients with different
cardiovascular disorders. However, previously published data suggest that volunteer and
patient reproducibility may well be similar as discussed above. The average BMI of our
population was high (27 + 7), which could be related to changes in LV rotational dynamics
(34). The sample size of this study was relatively small. As discussed above, although there
was a trend towards lower LV torsion in Exam C, the study was underpowered to detect
significant differences of global LV torsion and torsion rate parameters. Ideally, a direct
comparison of the reproducibility between myocardial tagging, representing the reference
standard for such acquisitions, and MR-FT would have been performed. A general limitation
of MR-FT is the restriction to 2D acquisitions as discussed above. Therefore, we
recommend that future developments focus on the development of 3D models to overcome
some of the fundamental limitations of 2D MR-FT.

In conclusion, the inter-study reproducibility of MR-FT derived LV peak torsion and peak
systolic torsion rate is good whilst the reproducibility of peak diastolic torsion rate is only
fair to poor irrespective of the definition of torsion. MR-FT quantification of peak torsion
and systolic torsion rates could therefore be a useful tool to accurately quantify LV systolic
function in future longitudinal patient studies. Since the CL shear angle definition of torsion
normalises for cardiac geometry, and thus allows LV torsion to be compared between
differently sized hearts, we recommend using this definition in future patient studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Cardiovascular Magnetic Feature Tracking (CMR-FT). Rotational dynamics were
assessed in basal (left panel) and apical (right panel) short-axis positions. Rotation resulted
in an overall apical counter-clockwise and basal clockwise rotation when viewed from the
apex. The lower panel shows the tracking of 48 (sub)endocardial features.
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Torsion and torsion rate quantification. Quantification included peak torsion (upper
panel) and peak systolic and diastolic torsion rates (lower panel). In this example torsion
has been calculating according to the Circumferential-Longitudinal Shear Angle definition.
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Bland-Altman Plots for inter-study reproducibility (comparison of Exam A and Exam B)
obtained for global peak torsion, global peak systolic torsion rate and global peak diastolic
torsion rate, as calculated according to the three different definitions: twist, normalized twist
and circumferential-longitudinal shear angle. Dashed red line: zero mean difference. Dashed
black line: limits of agreement (1.96 standard deviations).
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