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Background: Cardiovascular magnetic resonance based tissue tracking (CMR-TT) was reported to provide
detailed insight into left ventricular (LV) contractile function and deformation with both of two- and three-
dimensional (2/3D) algorithms. This study was designed to investigate the feasibility and reproducibility of
these two techniques for measuring LV global and segmental strain, and establish gender- and age-related
reference values of global multi-dimensional peak strains among large healthy population.

Methods: We retrospectively recruited 150 healthy volunteers (75 males/females) and divided them into
three age groups (G40, Gyg0 and Ggyg9). LV global mean and peak strains as well as segmental strains in
radial, circumferential and longitudinal directions were derived from post-hoc 2/3D CMR-TT analysis of
standard steady-state free precession (SSFP) cine images acquired at 1.5T field strength.

Results: Both 2D and 3D CMR-TT modalities enable the tracking of LV myocardial tissues and generate
global and segmental strain data. By comparison, 3D CMR-TT was more feasible in measuring segmental
deformation since it could generate values at all segments. The amplitudes of LV 3D global peak strain were
the smallest among those of 2/3D corresponding global mean or peak strains except in the radial direction,
and was highly correlated with 2D global mean strains (correlation coefficient r=0.71-0.90), 2D global
peak strains (r=0.75-0.89) and 3D global mean strains (all r=0.99). In healthy cohort, LV 3D global peak
values were 44.4%+13.0% for radial, -17.0%+2.7% for circumferential and -15.4%+2.3% for longitudinal
strain. Females showed significantly larger amplitude of strains than males, especially in Gg;_4 (P<0.05). The
subjects in Gg,_5 showed larger amplitude of strains than the volunteers in younger groups. The intra- and
inter-observer agreement of 2/3D CMR-TT analysis in evaluating LV myocardial global deformation was
better than segmental measurement.

Conclusions: CMR-TT is a feasible and reproducible technique for assessing LV myocardial deformation,
especially at the global level. The establishment of specific reference values of LV global and segmental
systolic strains and the investigation of dimension-, gender- and age-related differences provide a

fundamental insight into the features of LV contraction and works as an essential step in clinical routine.
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Introduction

Cardiovascular magnetic resonance (CMR) is a powerful
and efficient imaging modality, characterized by high
spatial and temporal resolution, good soft tissue contrast
and nonionizing radiation (1). It’s extensively used in the
quantitative measurement of left ventricular (LV) structure,
function, tissue characteristics and perfusion in various
cardiac pathologies (2,3). Additionally, CMR can derive
deformation parameters including myocardial strain,
which is defined as the percentage change of myocardial
fiber length with respect to the diastolic phase in a certain
direction. Strain is a three-dimensional (3D) tensor and
thought to be a sensitive diagnostic index to detect subtle
alternations in myocardial function before changes in
ejection fraction (EF) (4-8).

Advanced CMR imaging techniques like tagging or
tissue phase mapping have been introduced to measure
strain. However, these techniques haven’t entered into
clinical utilization routinely because of the specific
sequences, prolonged acquisition time or complex analysis
(4,9,10). Recently, with the rapid development of image
post processing, CMR based tissue tracking (CMR-
TT) has emerged as a promising technique to evaluate
myocardial deformation at both global and regional levels
(10-14). The key strength of CMR-TT is the ability to
generate mechanical parameters from standard steady-
state free precession (SSFP) cine images, which allows
post-hoc offline analysis. Two processing methods, namely
two-dimensional (2D) and 3D CMR-TT modalities, have
been introduced to derive the strain data. 2D CMR-TT
is a conventional approach deriving strain values from the
independent analysis of short- and long-axis cine images. In
contrast, 3D CMR-TT considers the short- and long-axis
data simultaneously for strain calculation. Previous studies
found that 3D speckle tracking echocardiography (STE) is
more accurate and reproducible than 2D STE in evaluating
LV deformation due to independence of imaging plane and
geometric assumptions (6,15). However, only few studies
compared the LV myocardial strains derived from 2/3D
tracking techniques and established specific reference values
for each modality.

In this contribution, we aim to: (I) compare LV global
and segmental radial, circumferential and longitudinal
systolic strains generated with 2D and 3D CMR-TT, and
establish specific reference values for each modality; and (II)
investigate gender- and age-related difference of 3D global
peak strains followed by establishing specific reference
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values among 150 healthy volunteers.

Methods
Study population

A total of 150 healthy volunteers (75 males and 75 females)
were recruited continuously and retrospectively analyzed.
Inclusion criteria were: above 18 years of age; LVEF
>55%; no history of cardiovascular diseases or related risk
factors (e.g., hypertension, coronary artery diseases, cardiac
arrhythmia, dyslipidemia, diabetes mellitus or impaired
glucose tolerance). Exclusion criteria were: symptoms of
pulmonary dysfunction (e.g., chest tightness, pant and
dyspnea), severe renal impairment (estimated glomerular
filtration rate, eGFR <30 mL/min), metallic transplant or
foreign matter, claustrophobia and pregnancy. Healthy males
and females were equally divided into three age groups
as Gyo.g (range 2040 years, 29.5+6.5 years), Gy (range
41-60 years, 51.0£6.0 years), and Gy, (range 61-80 years,
69.125.9 years). This study was approved by the local ethics
committee. All subjects provided written informed consent.

CMR protocol

All participants underwent a conventional CMR examination
on a clinical 1.5 Tesla whole body scanner (Achieva, Philips
Healthcare, Best, The Netherlands). All data were acquired
with a cardiac 32-channel (2x16-channels) phased-array
receive coil. A short-axis stack and long-axis cine images
(2-, 3-, and 4-chamber view) covering the whole LV from
base to apex were acquired with an electrocardiogram-gated
breathhold SSFP sequence. Acquisition parameters were as:
echo time (TE) =1.5 ms, repetition time (TR) =3.0 ms, flip
angle a =55°, spatial resolution Ar =1.7 mm x 1.7 mm, field
of view (FOV) =360 mm x 325 mm, slice thickness s, =8
mm, no slice gap.

LV morphological and functional analysis was performed
by two experienced readers with a standard software provided
by the vendor (ViewForum®, Philips Healthcare, Best, The
Netherlands). All LV functional parameters were normalized
by the body surface area [BSA (m’) =0.007184 x height*’*

0.425

(cm) x weight ™ (kg)]. Finally, images were exported to an

external workstation for subsequent CMR-TT analysis.

CMR-TT analysis

CMR-TT was performed by an experienced observer
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Figure 1 The operation of CMR-TT. Firstly, the LV endo- and epi-cardial contours (red and green lines) on LV short-axis cine images

and long-axis 2-, 3-, and 4-chamber views were delineated at end-diastole. Secondly, blue and rose red reference points of interventricular

septum at short-axis images as well as the blue T bar connecting the middle of mitral valve plane and apex were manually marked at the

long-axis images to facilitate the division of myocardial segments and quantification of the LV length. Thirdly, automatic tracking of the

myocardium was performed through all cardiac phases. The annular light blue mesh covering the myocardium and indicating the position

and deformation of LV myocardial pixels could be divided into four or six segments by the vertical lines according to the AHA 17-segment

model. CMR-TT, cardiovascular magnetic resonance based tissue tracking; LV, left ventricular.

using CVI* (version 5.3.8, Circle, Calgary, Canada), which
provided semi-automated delineation of LV endocardium
and epicardium at end-diastolic phase on short- and long-
axis images. Reference points were manually identified at
the interventricular septum, mitral valve plane and apex to
facilitate LV segmentation [according to AHA 17-segment
model (16)]. The software automatically propagated
the contours and tracked myocardial features phase by
phase throughout whole cardiac cycle (Figure I). The LV
segmentation in each phase was checked and manually
adjusted in case of failed boundary detection and/or
segmental tracking.

The algorithms used in CVI* 2D and 3D strain
analysis have been discussed by Liu and Hu et 4/. (17,18)
before. Briefly, 2D CMR-TT determines the myocardial
deformation by a set of reference points placed on the
mid myocardial wall, which are tracked over the cardiac
cycle in the short-axis or long-axis cine images. These
reference points are generated during delineation of the
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LV endo- and epi-cardial bounders at the end-diastolic
phase. With the contraction and relaxation of myocardium,
the positions of these reference points move and can be
tracked by surrounding features in two directions, thus
yield independent 2D motion fields for short- and long-
axis data. 3D CMR-TT relies on a 3D deformation model
generated by combining the 2D short- and long-axis image
information into a single 3D motion field. Based on the
motion fields, the myocardial strain is quantified either
globally or segmentally in radial, circumferential and
longitudinal directions.

In this study, 3D global and segmental radial,
circumferential and longitudinal systolic peak strains
(GRS, GCS, GLS and SRS, SCS, SLS) were derived by
CVI* directly. In the context of 2D CMR-TT, global
and segmental peak CS and LS were derived from short-
and long-axis cine images respectively, while peak RS
was derived from both short- and long-axis cine images.
The mean value was calculated for the following analysis.
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In some cases, 2D SRS could merely be obtained from
short- or long-axis cine images, that extant value would be
used for analysis. 2/3D global radial, circumferential and
longitudinal systolic mean strains (MRS, MCS and MLS)
were manually calculated by averaging 16 segmental systolic
peak strain values.

Intra- and inter-observer reproducibility

The intra- and inter-observer reproducibility of LV global
and segmental strains was assessed in 20 randomly selected
subjects by two independently performed analyses or two
observers. The intra- and inter-observer reproducibility of
CMR-TT was quantified with the intra-class correlation
coefficient (ICC) and coefficient of variation (CoV) (10).

Statistical analysis

Considering the limitation of segmental tracking, the
number and percentage of successfully tracked segments,
featured with available data, were recorded in order to
evaluate the feasibility of both modalities. Continuous
variables were described as mean = standard deviation (M =
SD). Normality of the data was tested using Shapiro-Wilk
test. Gender-related differences were tested by Student’s
t-test or Mann-Whitney U test, as appropriate. Age-
related differences were assessed using analysis of variance
(ANOVA) or Kruskal-Wallis test followed by Bonferroni
correction, as applicable. Differences among four kinds of
global strains (2/3D global peak and mean strains) were
assessed with related-samples Friedman’s two-way analysis
of variance by ranks, and Bonferroni correction was used to
adjust the significance value. Pearson correlation coefficient
or Spearman’s rank correlation coefficient (r) was used to
test the collinearity of strains, as appropriate. All analyses
were performed using IBM SPSS (version 24, IBM,
Armonk, New York, USA). Statistical significance was set at
P<0.05 (two-tailed).

Results
Baseline characteristics of the study participants

The demographic, LV morphological and functional
parameters of the investigated healthy volunteers are
presented in Table 1. Average age resulted as 49.8+17.3 years,
with heart rate (HR) of 69.2+14.7 beats per minute.
Compared with females, males showed significantly larger
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BSA, LV mass index (LVMI), LV mass normalized to end-
diastolic volume (LVM/LVEDYV), LV end-diastolic and
end-systolic volume index (LVEDVI and LVESVI) and LV
stroke volume index (LVSVI) (all P<0.05). No significant
gender-related differences of age, HR, systolic and diastolic
blood pressure (BP), cardiac index (CI) and LVEF were
observed (all P>0.05).

LV segmental strains derived from 2D and 3D CMR-TT

LV segmental radial, circumferential and longitudinal
strains derived from 2D and 3D CMR-TT are presented in
Tibles 2-4 and Figure 2. The numbers of segments included
in the analysis are defined as N,;, and Ny, respectively.

For radial strain analysis, 2.7% segments from short-
and 3.6% segments from long-axis orientations had to be
discarded in 2D CMR-TT, since these segments couldn’t
be tracked and generate data. However, after combing
short- and long-axis data, 99.99% segments were assigned
with SRS. 97.3% and 96.4% segments were successfully
tracked and generated SCS and SLS data with 2D CMR-
TT, respectively. Of note, the percentage of successfully
tracked segments at basal inferior was merely 72.7% in the
circumferential direction in the context of 2D CMR-TT. By
comparison, no segments were excluded with 3D CMR-TT.

We found that 3D SRS was significantly larger than
2D SRS at basal and apical segments, and showed exactly
contrary tendency at middle segments (P<0.05). The
amplitudes of 3D SCS and SLS were smaller than 2D SCS
and SLS at most segments from base to apex.

LV global strains derived from 2D and 3D CMR-TT

Normal values of 2/3D global mean and peak strains and
the correlation between 3D global peak strains and the
rest global strain parameters are presented in Table 5 and
Figure 3. The 3D global peak values were 44.4%+13.0% for
radial, -17.0%+2.7% for circumferential and -15.4%+2.3%
for longitudinal strains. The 2D and 3D data were similar
for MRS (46.8%x9.5% vs. 48.0%=13.5%, adjusted P=0.644)
and GRS (41.7%+9.5% vs. 44.4%+13.0%, adjusted
P=0.644). The amplitudes of 3D global circumferential and
longitudinal strains were significantly smaller than those
of 2D corresponding strains (adjusted P<0.001). For both
2D and 3D CMR-TT, the amplitudes of global peak strains
were significantly lower than the calculated global mean
strains (all adjusted P<0.05).
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Table 1 Characteristics of the study participants

Characteristic Caro Gavan Coran Males (n=75) Females (n=75) All (n=150)
Males Females Males Females Males Females

Baseline demographics
Age (yrs) 29.5¢5.5 29.4+7.4  50.845.7 51.24#6.5 69.3x6.1 68.8+5.7 49.9+17.3"  49.8+17.5" 49.8+17.3
BSA (m?) 2.0£0.2  1.7+0.1* 2.1+0.2 1.9t0.2* 2.0£0.2  1.8+0.1* 2.0£0.2 1.8+0.2* 1.9+0.2
BMI (kg/m?) 249+3.6 23.8+6.6* 26.4+3.9 28.1+59  25.6+3.8 25745  25.6+3.8 25.8+5.9" 25.7+4.9
HR (bpm) 74.0+18.7 71.7+11.5 66.3+16.0 70.9+14.6 63.8+14.1 68.6+11.2 68.0+16.7" 70.4+12.4 69.2+14.7
SBP (mmHg) 122.5+13.1 116.2+13.8 118.3+11.3 122.7+17.1 130.0+14.7 126.7+19.3 123.7+13.8" 120.8+21.6 121.5+20.2
DBP (mmHg) 67.8+9.2 65.4+8.9 70.1+10.8 66.3+8.3 69.2+14.0 62.8+9.1 69.0+11.4 65.3+8.5 66.7+11.1

LV morphology and function
LVMI (g/m?) 55.2+5.3 47.1+7.1* 52.8+6.6 44.4+6.7* 51.2+6.0 41.9+4.7* 53.116.1 44,5+6.5"  48.8+7.6

LVM/LVEDV (g/mL) 0.68+0.08 0.63+0.09* 0.68+0.13 0.62+0.10* 0.70+0.12 0.67+0.07 0.69+0.11 0.64+0.09*  0.66+0.10
LVEDVI (mL/m?) 82.3+x11.5 75.7+9.6* 80.0+16.2 72.1x11.2 73.9+11.3 63.5+7.6* 78.7+x13.5 70.5+10.8*"  74.6+12.9

LVESVI (mL/m?) 30.0+6.7 27.2+6.3 28.0+8.9 24.6+7.2 24.6+6.4 19.8+5.1* 27.5:7.7" 23.9+6.9"" 25.7+7.5
LVSVI (mL/m?) 52.3+7.5 48.5+5.8* 52.0+9.1 47.6£7.0 49.3+6.8 43.7+4.6* 51.2+7.9 46.6+6.2" 48.9x+7.4
Cl (W/min/m?) 3.8+1.0 3.5+0.6 3.4+0.8 3.4+0.9 3.1+0.7 3.0£0.4 3.4+0.9" 3.3+0.7" 3.4+0.8
LVEF (%) 63.7+5.5 64.3+52 65.5+5.6 66.4+6.6  67.0+5.0 69.2+5.5 65.4x5.5 66.6+6.0" 66.0+5.8

Results are reported as mean = SD. *P<0.05: males vs. females. 'P<0.05: age-related difference among three age groups. BSA, body
surface area; BMI, body mass index; HR, heart rate; SBP, systolic blood pressure; DBP, diastolic blood pressure; LVMI, left ventricular
mass index; LVM/LVEDV, left ventricular mass/left ventricular end-diastolic volume; LVEDVI, left ventricular end-diastolic volume index;
LVESVI, left ventricular end-systolic volume index; LVSVI, left ventricular stroke volume index; Cl, cardiac index; LVEF, left ventricular
ejection fraction.

Table 2 Reference values of SRS measured with 2D and 3D CMR-TT

SRS (%)

Segment

2D CMR-TT Ngo (%) 3D CMR-TT Nap (%) P value
1. Basal anterior* 49.8+17.9 150 (100.0%) 59.3+24.7 150 (100.0%) 0.001
2. Basal anteroseptal* 25.5+11.4 150 (100.0%) 31.8+15.1 150 (100.0%) <0.001
3. Basal inferoseptal* 19.1+11.8 150 (100.0%) 27.7£141 150 (100.0%) <0.001
4. Basal inferior* 35.6+20.0 148 (98.7%) 51.1+22.8 150 (100.0%) <0.001
5. Basal inferolateral* 66.7+25.4 149 (99.3%) 76.4+31.3 150 (100.0%) <0.001
6. Basal anterolateral 75.7+26.0 150 (100.0%) 78.4+31.6 150 (100.0%) 0.249
7. Mid anterior* 50.4+15.2 150 (100.0%) 39.8+13.7 150 (100.0%) <0.001
8. Mid anteroseptal* 36.0+10.8 150 (100.0%) 29.9+12.6 150 (100.0%) <0.001
9. Mid inferoseptal* 33.6+9.7 150 (100.0%) 26.1+10.3 150 (100.0%) <0.001
10. Mid inferior* 40.0+14.7 150 (100.0%) 31.9+14.0 150 (100.0%) <0.001
11. Mid inferolateral* 52.6+16.8 150 (100.0%) 37.8+18.4 150 (100.0%) <0.001
12. Mid anterolateral* 59.5+19.5 150 (100.0%) 43.6+18.3 150 (100.0%) <0.001
13. Apical anterior* 54.9+19.7 150 (100.0%) 68.2+30.3 150 (100.0%) <0.001
14. Apical septal* 48.2+15.5 150 (100.0%) 56.5+23.5 150 (100.0%) <0.001
15. Apical inferior* 51.2+18.4 150 (100.0%) 58.2+24.3 150 (100.0%) <0.001
16. Apical lateral 50.3+16.9 150 (100.0%) 52.0+22.8 150 (100.0%) 0.264

N (%) means the number (fraction) of segments with available SRS. *P<0.05. CMR-TT, cardiovascular magnetic resonance based tissue
tracking; SRS, segmental radial peak strain.
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Table 3 Reference values of SCS measured with 2D and 3D CMR-TT

Segment Ses (™)

2D CMR-TT Nap (%) 3D CMR-TT Nap (%) P value
1. Basal anterior* -26.5+6.3 150 (100.0%) -19.8+2.9 150 (100.0%) <0.001
2. Basal anteroseptal* -17.8+6.5 149 (99.3%) -13.5+3.5 150 (100.0%) <0.001
3. Basal inferoseptal* -12.1+6.9 145 (96.7%) -14.2+2.9 150 (100.0%) <0.001
4. Basal inferior* -18.0+8.6 109 (72.7%) -14.5+3.1 150 (100.0%) <0.001
5. Basal inferolateral* -27.8+7.4 133 (88.7%) -14.9+3.6 150 (100.0%) <0.001
6. Basal anterolateral* —29.5+6.1 150 (100.0%) -18.5+3.3 150 (100.0%) <0.001
7. Mid anterior* -21.0+4.8 150 (100.0%) -20.5+3.5 150 (100.0%) 0.029
8. Mid anteroseptal* -19.9+4.5 150 (100.0%) -15.5+3.4 150 (100.0%) <0.001
9. Mid inferoseptal* -17.5+4.5 150 (100.0%) -18.6+3.9 150 (100.0%) <0.001
10. Mid inferior* -18.1£5.7 150 (100.0%) -20.8+3.5 150 (100.0%) <0.001
11. Mid inferolateral* -24.4+6.0 150 (100.0%) -20.9+4.0 150 (100.0%) <0.001
12. Mid anterolateral* -24.2+5.6 150 (100.0%) -20.4+4.1 150 (100.0%) <0.001
13. Apical anterior* -26.6+4.4 150 (100.0%) -14.8+£3.2 150 (100.0%) <0.001
14. Apical septal* —-24.6+5.2 150 (100.0%) -13.7+3.4 150 (100.0%) <0.001
15. Apical inferior® -25.8+4.6 150 (100.0%) -19.3+3.9 150 (100.0%) <0.001
16. Apical lateral* -26.8+4.8 150 (100.0%) -18.8+4.0 150 (100.0%) <0.001

N (%) means the number (fraction) of segments with available SCS. *P<0.05. CMR-TT, cardiovascular magnetic resonance based tissue
tracking; SCS, segmental circumferential peak strain.

Table 4 Reference values of SLS measured with 2D and 3D CMR-TT

SLS (%)

Segment

2D CMR-TT Nao (%) 3D CMR-TT Nap (%) P value
1. Basal anterior* -17.8+6.0 146 (97.3%) -13.4+4.5 150 (100.0%) <0.001
2. Basal anteroseptal -11.7+5.1 144 (96.0%) -12.4+£3.7 150 (100.0%) 0.241
3. Basal inferoseptal* -12.6+4.5 143 (95.3%) -10.5+3.3 150 (100.0%) <0.001
4. Basal inferior* -18.1£7.0 139 (92.7%) -9.3+4.3 150 (100.0%) <0.001
5. Basal inferolateral® -24.7+6.7 140 (93.3%) -12.4+3.8 150 (100.0%) <0.001
6. Basal anterolateral* -26.3+7.0 146 (97.3%) -12.6+4.1 150 (100.0%) <0.001
7. Mid anterior* -26.2+4.7 143 (95.3%) -20.7£3.4 150 (100.0%) <0.001
8. Mid anteroseptal* -19.7+3.9 143 (95.3%) -17.4+3.4 150 (100.0%) <0.001
9. Mid inferoseptal* -20.6+3.5 144 (96.0%) -17.1+£3.5 150 (100.0%) <0.001
10. Mid inferior* -22.9+5.2 138 (92.0%) -19.3+3.7 150 (100.0%) <0.001
11. Mid inferolateral* -23.2+4.7 141 (94.0%) -21.0+4.0 150 (100.0%) <0.001
12. Mid anterolateral* -26.6+5.2 146 (97.3%) -20.4+3.9 150 (100.0%) <0.001
13. Apical anterior* -21.5+7.2 150 (100.0%) -15.0+3.2 150 (100.0%) <0.001
14. Apical septal* -21.5+4.0 150 (100.0%) -16.7+3.8 150 (100.0%) <0.001
15. Apical inferior -21.0+6.3 150 (100.0%) —-20.6+4.6 150 (100.0%) 0.464
16. Apical lateral -18.6+6.5 150 (100.0%) -18.9+3.6 150 (100.0%) 0.488

N (%) means the number (fraction) of segments with available SLS. *P<0.05. CMR-TT, cardiovascular magnetic resonance based tissue
tracking; SLS, segmental longitudinal peak strain.
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Figure 2 Comparison of LV multi-dimensional segmental peak strains derived from 2D and 3D CMR-TT. (A) SRS. (B) SCS. (C) SLS. This
figure provides intuitive expression of reference value and tendency of multi-dimensional strains at each segment in the context of 2D and
3D CMR-TT (red and blue). Segment: 1. basal anterior, 2. basal anteroseptal, 3. basal inferoseptal, 4. basal inferior, 5. basal inferolateral,
6. basal anterolateral, 7. mid anterior, 8. mid anteroseptal, 9. mid inferoseptal, 10. mid inferior, 11. mid inferolateral, 12. mid anterolateral,
13. apical anterior, 14. apical septal, 15. apical inferior, 16. apical lateral. *P<0.05. CMR-TT, cardiovascular magnetic resonance based tissue
tracking; LV, left ventricular; SRS, segmental radial peak strain; SCS, segmental circumferential peak strain; SLS, segmental longitudinal

peak strain.
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Table 5 Reference values of LV global strains measured with 2D and 3D CMR-TT

Variable 2D CMR-TT 3D CMR-TT P value
Global mean strains (%)
Global radial mean strain (MRS) 46.8+9.5 48.0+13.5 0.644
Global circumferential mean strain (MCS) -22.6+2.9 -17.4+2.6 <0.001*
Global longitudinal mean strain (MLS) -20.8+2.2 -16.1£2.3 <0.001*
Global peak strains (%)
Global radial peak strain (GRS) 41.7+9.5 44.4+13.0* 0.094
Global circumferential peak strain (GCS) -22.0+3.3 -17.0£2.7* <0.001*
Global longitudinal peak strain (GLS) -18.6+2.7 -15.4+2.3" <0.001*

Results are reported as mean = SD. *Adjusted P<0.05: 2D vs. 3D; *adjusted P<0.05: global peak strains vs. global mean strains. CMR-TT,

cardiovascular magnetic resonance based tissue tracking.

We also observed that 3D global peak strains were highly
correlated with 2D global mean (r=0.71 to 0.90) and peak
strains (r=0.75 to 0.89) as well as 3D global mean strains
(r=0.99, all P<0.05).

Gender- and age-related difference of LV 3D global peak
strains

Tuble 6 and Figure 4 illustrate the gender- and age-related
difference and reference values of LV 3D global peak strains.
In general, females showed larger amplitude of LV global
peak strains than males as 47.1%=13.4% vs. 41.7%+12.0%
for GRS, -17.5%+2.8% vs. =16.5%=+2.5% for GCS and
-16.0%£2.3% vs. -14.8%=+2.2% for GLS (all P<0.05). The
gender-related difference got more prominent with aging
and significant in Gy, g group. In addition, difference of
global peak strains between Gy;_g and G4/ Gy indicates
the existence of age-related difference (P<0.05).

Intra- and inter-observer reproducibility of 2/3D
CMR-TT

The intra-observer reproducibility of 2/3D CMR-TT
in measuring LV global and segmental strains was tested
and presented in Tibles 7 and 8. At the segmental level,
ICC of SRS, SCS and SLS were 0.83-0.99, 0.80-0.98 and
0.72-0.99 for 2D CMR-T'T, and 0.87-0.97, 0.86-0.98 and
0.84-0.99 for 3D CMR-TT. Compared with 2D CMR-
TT, 3D CMR-TT presented higher CoV (18.59%=5.95%
vs. 10.68%+3.46%, P<0.001) for SRS and similar CoV
for SCS (6.88%+3.47% vs. 10.26%+6.65%, P=0.10) and
SLS (9.79%+4.59% wvs. 9.38%+4.53%, P=0.80). At the

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

global level, 2/3D global mean and peak strains showed
high reproducibility ICC >0.97) and low variability (CoV
<6.31%). The results of inter-observer reproducibility
test presented in Tables 9 and 10 also validated the better
reproducibility of CMR-TT in the measurement of LV
global deformation.

Discussion

To the best of our knowledge, this study is the largest
one to comprehensively investigate the feasibility and
reproducibility of 2/3D CMR-TT for quantifying LV
global and segmental multi-dimensional strains with CVI¥
software package. We also established gender- and age-
related reference value of LV global peak strain with 3D
CMR-TT in 150 healthy volunteers without cardiovascular
diseases or related risk factors.

CMR-TT

CMR-TT technique is emerging as an advanced technique
contributing to quantifying myocardial mechanical
parameters including strain, strain rate, displacement and
velocity. Its principle is based on identifying and tracking
comparable myocardial features of CMR cine images over
the cardiac cycle (11). It has been proven successful in
diagnosing a variety of diseases, such as bicuspid aortic
valve disease, cardiomyopathy and heart failure with
preserved EF (5,19,20). Previous studies have validated
the comparable reproducibility of CMR-TT (Circle
CVI?) with CMR feature tracking (TomTec Arena), even

though strain values weren’t interchangeable between

Quant Imaging Med Surg 2021;11(4):1421-1436 | http://dx.doi.org/10.21037/qims-20-635
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Figure 3 Comparisons and correlations among LV 2/3D global mean and peak strains. These scatter plots represent the data of LV radial,
circumferential and longitudinal strains generated by four different calculations. (A-C) Comparisons among LV 2/3D global mean and peak

strains. ***

adjusted P<0.001. (D-F) Correlations among LV 2/3D global mean and peak strains. Equations of linear regression and value of
correlation coefficient (r) are added beside the corresponding lines (P<0.05). MRS, global radial mean strain; MCS, global circumferential
mean strain; MLS, global longitudinal mean strain; GRS, global radial peak strain; GCS, global circumferential peak strain; GLS, global

longitudinal peak strain.

Table 6 Gender- and age-related reference value of LV 3D global peak strains

Gao.40 G160 Gés1-80 Male Female
Male Female All-Gy_s Male Female All-G,i_g Male Female All-Gg g  (N=75) (n=75)

GRS 41.2+14.7 41.949.5 41.6+12.2 40.4+11.1 47.0+16.6 43.7+14.3 43.6+10.1 52.4+11.4% 48.0+11.5° 41.7+12.0 47.1+13.4°
GCS -16.4+2.4 -16.6+2.3 -16.5+2.3 -15.8+2.4 —17.123.4 —-16.5+3.0 -17.2+2.5 —18.8+2.2* —-18.0+2.5” —-16.5+2.5 -17.5+2.8°
GLS -14.9+1.8 -15.7+2.3 -15.3+2.1 -14.3x2.4 -15.2+2.6 -14.7+2.5 -15.1+2.4 -17.0+1.8* -16.1£2.3° -14.8+2.2 -16.0+2.3*

Variable

Results are reported as mean + SD. All strain values are given in %. *P<0.05: male vs. female; "P<0.05: Gig VS. Gey.g0; “P<0.05: Gyyq0 VS.
Ge1.s0- LV, left ventricular; GRS, global radial peak strain; GCS, global circumferential peak strain; GLS, global longitudinal peak strain.
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Figure 4 Gender- and age-related difference of LV 3D global peak strains. (A-C) Gender-related difference of GRS, GCS and GLS. (D-F)
Age-related difference of GRS, GCS and GLS. The box-and-whisker plots represent the values between lower and upper quartile, and the
middle line expresses the median in individual group. The minimum and maximum are shown at the end of whisker after excluding outliers.
*P<0.05, **P<0.01, ***P<0.001. GRS, global radial peak strain; GCS, global circumferential peak strain; GLS, global longitudinal peak strain.
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Table 7 Intra-observer reproducibility of 2D CMR-TT

2D SRS 2D SCS 2D SLS

Sed MD +SD (%) ICC(95% Cl) CoV (%) MD=SD (%) ICC(95% Cl) CoV (%) MD=SD (%) ICC(95% Cl) CoV (%)
1 7.91:6.26 0.95(0.87-0.98) 12.66 2.20+1.89 0.94 (0.85-0.98)  7.01 3.54+3.36  0.85(0.60-0.94) 20.07
2 3.73x4.93  0.92 (0.79-0.97) 20.09 2.93+4.07 0.85(0.61-0.94) 24.13 1.04:0.93  0.98 (0.96-0.99) 7.87
3 3.06:2.35 0.9 (0.98-1.00) 11.30 248220 0.94 (0.84-0.98) 19.58 0.70:0.68  0.99 (0.98-1.00) 5.1
4 761541 0.95(0.88-0.98) 14.66 450+4.31 0.92 (0.74-0.98) 23.34 2.64+2.75  0.95(0.87-0.98) 15.55
5 7.118.49 0.96 (0.89-0.98) 12.28 2.86+3.47 0.89 (0.69-0.96) 12.29 1.92+2.64  0.88(0.66-0.96) 9.93
6 9.52+6.90 0.96 (0.90-0.98)  8.28 1.87+1.75  0.93(0.82-0.97)  5.86 1421220  0.97 (0.92-0.99) 7.64
7 4941552  0.83(0.57-0.93) 11.32 1.08+1.24  0.93(0.83-0.97) 5.73 2.69+3.42  0.72(0.28-0.89) 13.37
8 3.19:3.00 0.98 (0.94-0.99) 7.98 1.56+1.01  0.97 (0.93-0.99) 4.7 1.23+1.33  0.96 (0.89-0.98) 6.82
9 3.07+2.52 0.98 (0.95-0.99)  7.31 2.08+1.49 0.95(0.87-0.98) 8.67 0.78:0.90  0.97 (0.91-0.99)  4.35
10 509+3.84 0.94 (0.85-0.98) 10.16 2.54+2.48  0.80 (0.48-0.92) 13.84 222:253  0.94(0.85-0.98) 11.47
11 424:4.81 0.95(0.88-0.98) 10.02 1.91+1.97 0.95(0.87-0.98)  8.88 1.95:1.99  0.89 (0.68-0.96) 8.37
12 5.06+4.01 0.97 (0.92-0.99)  7.33 1.84+2.22  0.94 (0.84-0.98) 10.07 1.09+1.21  0.98 (0.94-0.99) 4.65
13 5.16:4.93 0.92 (0.80-0.97) 10.06 1.37+1.42  0.83(0.58-0.93) 5.32 2.43:2.82  0.93(0.82-0.97) 14.72
14 3.47+3.41 097 (0.91-0.99)  7.87 1.36+1.24  0.97 (0.92-0.99)  5.29 1.21+1.09  0.94 (0.86-0.98) 5.36
15 4.63+5.79  0.97 (0.92-0.99) 13.01 1.22+1.11  0.98(0.94-0.99)  4.62 1.54x1.13  0.98(0.96-0.99) 6.05
16 3.25:2.88  0.96 (0.89-0.98)  6.50 1.16+1.23  0.84 (0.85-0.98) 4.7 1.80+1.50  0.97 (0.92-0.99) 8.78
Mean 1.65+1.35 0.9 (0.96-1.00) 2.98 0.76:0.61 0.97 (0.92-0.99) 2.72 0.49:0.55  0.97 (0.92-0.99)  2.68
Peak 0.55+0.69 1.00 (0.99-1.00) 1.72 0.29:0.51 0.9 (0.98-1.00) 2.37 0.12¢0.10  1.00 (0.997-1.00)  0.57

CMR-TT, cardiovascular magnetic resonance based tissue tracking; SRS, segmental radial peak strain; SCS, segmental circumferential
peak strain; SLS, segmental longitudinal peak strain; MD, mean difference; SD, standard deviation; ICC, intra-class correlation coefficient;
Cl, confidence interval; CoV, coefficient of variation.

vendors (8,10). Cao er al. also observed good agreement
between CMR-TT and conventional CMR tagging (21).
Since there is no consensus on algorithms chosen for
LV myocardial strain assessment and no standardized
protocol for further clinical application, feasibility and
reproducibility of CMR-TT at 2D and 3D level need to
be assessed. Liu er al. selectively measured 2D strains at
short-axis mid sections or horizontal long-axis images
and assessed the reproducibility of 2/3D CMR-TT in
measuring global peak strains among 100 subjects (17).
In our study, we fully investigated the reference values,
correlations and reproducibility of LV global mean and
peak strains, and assessed all segmental strains with 2/3D
CMR-TT at radial, circumferential and longitudinal
directions among 150 healthy volunteers. Further gender-
and age-related differences of 3D global peak strains were
evaluated.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Feasibility and reproducibility of 2/3D CMR-TT

2D CMR-TT could obtain SRS and SCS from a short-
axis stack and acquire SRS and SLS from long-axis cine
images by tracking regional tissues over the cardiac cycle.
Quantification of circumferential strain in the basal
inferior and inferolateral segments was more likely to fail
than in any other segments. The observed limitations
in basal tracking weakened the application of 2D CMR-
TT in assessing regional deformation as in concordance
with Maceira’s report (20). 3D CMR-T'T yielded 100%
success from the base to the apex indicating its superior
performance in quantification of segmental strain. The
amplitudes of LV segmental strains provided by 3D CMR-
TT were significantly different (usually smaller) from
those by 2D CMR-T'T in most segments. Meanwhile, 3D
CMR-TT presented worse intra-observer reproducibility
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Table 8 Intra-observer reproducibility of 3D CMR-TT
3D SRS 3D SCS 3D SLS

S0 Ubzsp (%) ICC(95% Cl) CoV (%) MD=SD(%) ICC(95%Cl) CoV(%) MD=SD(%) ICC(95% Cl) CoV (%)
1 10.80 +10.50 0.87 (0.66-0.95) 19.40  1.12+1.56 0.86 (0.64-0.94) 7.93 1.31£0.98  0.98(0.94-0.99)  6.20
2 7.39+8.02  0.95(0.87-0.98) 22.12 1.01x0.82  0.96 (0.90-0.98)  6.80 1.34+1.16  0.96 (0.89-0.98)  9.47
3 6.90+8.25 097 (0.93-0.99) 26.10  0.89+0.84 0.97 (0.91-0.99) 6.27 1.50£1.02  0.93(0.83-0.97) 9.78
4 8.26+9.41  0.96(0.89-0.98) 19.54  0.92+0.86 0.97 (0.94-0.99) 6.37 1.71+1.42  0.96 (0.90-0.99)  17.07
5 16.20+17.19 0.93 (0.81-0.97) 2327  1.77+1.21 0.94(0.86-0.98) 8.86 1.96+1.77  0.92(0.79-0.97)  14.07
6 10.87+14.01 0.94(0.86-0.98) 18.07  1.42+1.32  0.96(0.89-0.98) 7.68 1.50+1.39  0.93(0.82-0.97)  10.19
7 3.87+2.13  0.96 (0.89-0.98) 6.09 0.60+£0.78  0.97 (0.92-0.99)  4.01 1.40+1.41  0.89(0.73-0.96)  7.46
8 4.80+5.02 0.87(0.67-0.95) 19.04  1.04+0.89 0.98(0.94-0.99) 5.66 141112 0.94(0.85-0.98)  7.00
9 3.98+4.90 0.93(0.81-0.97) 19.95 1.07+0.95 0.98(0.95-0.99) 5.12 0.90:+0.71  0.99 (0.97-1.00)  4.19
10 4.69+6.60 0.90(0.74-0.96) 24.09  1.49+1.13 0.96(0.90-0.98) 5.76 1.12+1.09  0.97 (0.92-0.99)  5.90
11 497+428 0094 (0.85-0.98) 1457  1.23x0.86 0.97 (0.91-0.99) 4.32 0.93+1.01 0.98(0.95-0.99) 5.15
12 6.60+7.61 0.94(0.84-0.98) 2123  0.67+0.76 0.98(0.96-0.99) 3.84 1.39+1.05 0.95(0.88-0.98)  5.45
13 5.60+5.58 0.96 (0.89-0.98) 1027  0.68+0.55 0.98(0.96-0.99) 3.89 1.25+1.71  0.84(0.86-0.98) 13.75
14 461+3.63 0097 (0.94-0.99) 7.89 1.19+1.56  0.92 (0.81-0.97) 11.86 1.79+1.78  0.93(0.83-0.97) 12.83
15 8.33+11.54 0.92(0.80-0.97) 24.64  1.67+2.88 0.90(0.75-0.96) 17.14 1.92+3.00 0.92(0.80-0.97)  20.00
16 6.65:9.39  0.95(0.86-0.98) 21.16  1.16x0.77 0.92 (0.80-0.97) 4.52 1.33+1.30  0.90 (0.75-0.96)  8.12
Mean 2.37+2.73 0.98(0.94-0.99) 6.31 0.41+0.35 0.99 (0.98-1.00) 2.10 0.50+0.43  0.98 (0.95-0.99) 2.88
Peak  2.68+2.38 0.98(0.94-0.99) 5.96 0.42+0.36  0.99 (0.98-1.00) 2.26 0.57+0.45 0.98 (0.94-0.99) 3.14

MD, mean difference; SD, standard deviation; ICC, intra-class correlation coefficient; Cl, confidence interval; CoV, coefficient of variation.

Table 9 Inter-observer reproducibility of 2D CMR-TT
2D SRS 2D SCS 2D SLS
MD+SD (%) ICC(95% Cl)  CoV (%) MD+SD (%) ICC(95% Cl) CoV (%) MD=SD (%) ICC(95% Cl)  CoV (%)

1 10.93+11.52 0.82 (0.55-0.93) 24.21 2.08+1.53  0.93 (0.83-0.97 5.98 5.08+4.23  0.69 (0.17-0.88) 23.08
2 4.28+4.24  0.77 (0.41-0.91) 18.90 2.39+1.94 0.87 (0.67-0.95) 12.24 2.22+2.21  0.87 (0.66-0.95) 18.24
3 2.78+1.37  0.92 (0.79-0.97) 8.24 2.57+2.10  0.85(0.62-0.94) 20.83 2.30+1.63  0.79(0.47-0.92) 12.89
4 7.43+5.80  0.89 (0.73-0.96) 18.96 3.96+3.08 0.79 (0.45-0.92) 19.27 2.34+1.94  0.92 (0.77-0.97) 9.82
5 15.32+15.18 0.82 (0.53-0.93) 24.23 3.28+2.91 0.91(0.77-0.96) 11.50 3.92+4.82  0.69 (0.18-0.88) 18.50
6 14.43+9.83  0.90 (0.75-0.96) 12.48 2.68+3.12 0.84 (0.60-0.94) 11.30 3.99+3.11  0.81 (0.52-0.92) 10.53
7 9.53+9.09 0.42 (-0.47-0.77) 20.35 2.33+1.97 0.81(0.52-0.93 9.58 4.44+4.02 0.48 (-0.34-0.80) 16.78
8 4.76+£3.86  0.90 (0.74-0.96 10.70 1.86+1.07 0.94 (0.85-0.98 5.16 2.25+2.39  0.78 (0.45-0.91 12.52

9.26
20.81
13.59
8.07 4.67+4.16  0.76 (0.39-0.90 20.59

( )
( )
( )
11 4.49+5.07 0.96(0.89-0.98)  11.79 1.58+1.14  0.96 (0.90-0.99 ( )
( )
7.44 4.51+4.08  0.63 (0.04-0.86) 21.62
( )
( )
( )
( )

12 7.97+6.12  0.92 (0.80-0.97 14.00 1.56+1.82  0.93 (0.82-0.97

13 10.46+12.24 0.52 (-0.22-0.81) 24.98 1.74+2.00 0.78 (0.45-0.91

14 4.76+£3.98  0.96 (0.89-0.98) ( 4.71 1.84+1.41  0.89(0.73-0.96 6.87

15 6.02+5.32  0.95 (0.88-0.98) 11.38 1.41+1.19  0.98 (0.95-0.99 4.79 4.33+3.73  0.74(0.34-0.90 19.14

16 6.52+4.66  0.75(0.36-0.90) 10.22 1.49+1.45 0.90 (0.74-0.96 5.44 3.42+2.26  0.62 (0.03-0.85 13.64
( ) (

( )
( )

10 7.53+7.13  0.87 (0.68-0.95)  19.22 2.03+1.42 0.95(0.87-0.98) 7.37 3.90+4.30  0.67 (0.08-0.88
( ) 4.94 2.50+2.82  0.85(0.62-0.94
( )

8.94 1.21+1.11  0.98 (0.94-0.99

Mean 3.10+2.23  0.98 (0.94-0.99 5.23 0.76+0.58  0.99 (0.96-0.99 2.67 1.27+1.11 0.91 (0.78-0.97 5.66
Peak 1.72+1.58  0.99 (0.97-1.00) 4.20 0.63+0.70  0.98 (0.95-0.99)  3.31 0.79+0.65  0.96 (0.91-0.99) 3.60

MD, mean difference; SD, standard deviation; ICC, intra-class correlation coefficient; Cl, confidence interval; CoV, coefficient of variation.

)
)
)
)
)
)
)
)
9 3.95+2.76  0.97 (0.92-0.99)  8.29 1.45+1.19  0.97 (0.92-0.99)  6.07 2.40+1.64  0.88(0.71-0.95
)
)
)
)
)
)
)
)
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Table 10 Inter-observer reproducibility of 3D CMR-TT
3D SRS 3D SCS 3D SLS

Sed MD +SD (%) ICC(95% Cl) CoV (%) MD==SD (%) ICC(95%Cl) CoV (%) MD=SD (%) ICC(95% Cl) CoV (%)
1 9.08 +7.04 0.95(0.87-0.98) 12.01 0.88+0.70  0.96 (0.91-0.99) 3.55 2.09+1.47  0.95(0.86-0.98) 9.92
2 6.04+4.64  0.89 (0.73-0.96) 15.00 1.56+1.31  0.93(0.82-0.97) 9.95 1.17£1.03  0.96 (0.90-0.98) 7.23
3 4.83+3.99 0.96 (0.89-0.98) 14.94 0.69+0.51 0.99 (0.97-1.00) 3.87 1.93+1.31 0.87 (0.66-0.95) 12.51
4 8.58+6.19  0.94 (0.85-0.98) 13.19 0.94+0.93  0.95(0.87-0.98) 6.78 1.38+0.93  0.97 (0.91-0.99) 11.36
5 15.63+10.06 0.95(0.86-0.98) 12.78 1.49+1.42  0.90 (0.75-0.96) 9.92 2.15+2.08 0.88 (0.69-0.95) 17.02
6 14.60+14.22 0.91 (0.78-0.97) 17.60 1.563+1.63  0.92 (0.80-0.97) 9.10 2.43+2.09 0.76 (0.40-0.91) 15.93
7 7.02+5.69 0.95(0.38-0.90) 15.68 1.15+1.00 0.89 (0.73-0.96) 5.17 1.02+1.12  0.89 (0.71-0.96) 5.53
8 5.07£3.17  0.72(0.93-0.99) 10.58 0.74+0.61 0.98 (0.95-0.99) 3.91 1.06+0.72  0.96 (0.90-0.99) 4.19
9 3.37£3.12  0.97 (0.92-0.99) 11.80 0.95+0.67  0.99 (0.97-1.00) 3.70 0.97+0.80  0.98 (0.95-0.99) 4.75
10 6.86+5.07  0.93 (0.83-0.97) 17.55 1.49+1.80 0.92 (0.80-0.97) 9.17 1.66+1.44  0.94 (0.86-0.98) 7.83
11 7.09+5.99 0.94 (0.85-0.98) 18.79 1.43+1.15 0.93 (0.83-0.97) 5.63 1.73+1.78  0.92 (0.81-0.97) 8.70
12 6.70+4.66  0.95(0.89-0.98) 11.69 1.07+0.88  0.97 (0.93-0.99) 4.35 1.31£1.53  0.92 (0.79-0.97) 7.46
13 9.80+8.94  0.96 (0.90-0.98) 14.21 1.10+0.82  0.88 (0.69-0.95) 5.88 1.13+1.02  0.95(0.88-0.98) 7.34
14 5.39+4.16  0.98 (0.94-0.99) 7.96 1.07+0.76  0.97 (0.92-0.97) 5.26 1.28+1.11 0.96 (0.90-0.99) 6.68
15 6.03+5.53  0.97 (0.91-0.99) 10.82 1.16+1.24  0.96 (0.89-0.98) 6.64 1.71£1.66  0.90 (0.76-0.96) 8.28
16 8.00+£5.47  0.90 (0.74-0.96) 12.79 1.22+0.75 0.94 (0.86-0.98) 4.20 0.87+0.71 0.96 (0.91-0.99) 3.97
Mean 4.09+3.26 0.99(0.96-0.99) 7.15 0.55+0.45 0.98 (0.95-0.99) 2.65 0.65+0.44  0.98 (0.94-0.99) 2.73
Peak 3.60+2.85 0.98 (0.95-0.99) 6.76 0.55+0.45 0.98 (0.95-0.99) 2.75 0.70+0.51 0.97 (0.93-0.99) 3.34

MD, mean difference; SD, standard deviation; ICC, intra-class correlation coefficient; Cl, confidence interval; CoV, coefficient of variation.

in radial, comparable reproducibility in circumferential
and longitudinal tracking compared with 2D CMR-TT
at segmental level. Hence, we hypothesize that both 2D
and 3D CMR-TT techniques can be used to assess LV
segmental circumferential and longitudinal strain, while
2D algorithm may work more stably and reliably than 3D
method in measuring radial segmental strains.

At global level, there was no significant difference
between 2D and 3D global radial strain values, and 3D
global circumferential and longitudinal strains were
significantly lower than 2D data. The difference between
2D and 3D modalities may be associated with out-of-plan
motion and algorithm-determined geometric assumption
(15,22). Both 2D and 3D CMR-TT performed well in
measuring all global strains since the intra- and inter-
observer variability was low (CoV <6.31%).

For feature tracking or tissue tracking, it’s a consensus
that global tracking is more reliable and preferred than local
tracking since it estimates an average process where errors

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

may partly cancel out (10). We found the intra-observer
variability of global tracking was much lower than that of
segmental approach (CoV: 3.0%x1.6% vs. 10.9%x6.0%).
Considering that 3D global peak strain was generated
automatically, it can be utilized directly and efficiently
to evaluate LV global deformation without additional
calculation. Meanwhile, 3D global peak strain was highly
correlated with 3D global mean strain and 2D global mean
and peak strain, it can reflect LV global deformation on the
behalf of all kinds of global strain parameters.

Gender- and age-related difference of strains

Considering the different LV morphologic features
between males and females as well as the young and the
old, specific reference values for the different groups are
likely required. Actually, gender-related difference of
strain is still a matter of debate. Andre et /. found females
had more negative GCS and GLS compared with males,
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whereas males had higher GRS (23). However, Taylor
et al. found females had similar GRS and GCS along with
more negative GLS compared with males (24). In our study,
healthy females showed significantly larger absolute values
of GRS, GCS and GLS than males, which were positively
correlated with EF and inversely correlated with LVMI,
LVEDVI and LVESVI (24). Interestingly, we observed that
females merely presented significantly larger amplitude of
strains in Gy, g rather than G,y or Gy, implying the
age-related heterogeneity with respect to gender-related
difference. The augmented gender-related difference of
strains in the elderly population may be caused by the
increasing difference of LVEF, LVEDVI and LVESVI
between males and females with ageing. The age-related
difference of global peak strains along with LV volume and
HR were detected between G4, and Gy, Therefore, we
hypothesize that the larger amplitude of systolic strains of
elderly population may be a mechanical compensation for
slower HR and myocardial remodeling due to natural aging
(25,26).

Limitations

One limitation of our study is the quality of semi-
automated contour delineation and automated tracking of
myocardium, which may be more pronounced in case of
poor image quality and contour conspicuity. Therefore,
we inspected the boundary points visually and corrected
the contours manually, which was likely to cause minor
subjective bias. However, it’s an inevitable procedure
and problem of this kind of analysis. Secondly, we didn’t
compare CMR-T'T to other tracking modalities such as
tagging and feature tracking, it’s far from the aim of our
study. However, previous studies have compared CMR-
TT with CMR tagging and feature tracking, and proved
CMR-TT of good reproducibility (8,10). Thirdly, in the
context of 3D tracking, LV twisting motion and out-of-
plane motion could affect strain assessment compared
with 2D algorithms. Moreover, various factors may affect
the quantification of strain, including image acquisition,
algorithms and even software versions. The reference values
provided by our study are software and algorithms specific,
they can’t be simply applied under other circumstances.

Conclusions

In conclusion, our study provides detailed insight into
the feasibility, reproducibility and reference value of LV

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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global and segmental strains using 2/3D CMR-TT in a
large healthy population. Due to the good feasibility and
reproducibility, we believe that CMR-T'T is a practical and
valuable modality in evaluating LV global and segmental
movement. Considering the algorithms used by CMR-
TT and the characteristics of human beings, it’s necessary
to propose the establishment and application of specific
reference values for separate modalities and subgroups in
clinical routine.
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