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Background: In prior work, the authors demonstrated that two-dimensional speckle-tracking (2DST) corre-
lated well but systematically overestimated global longitudinal strain (LS) and circumferential strain (CS)
compared with two-dimensional cardiac magnetic resonance tagging (2DTagg) and had poor agreement
on a segmental basis. Because three-dimensional speckle-tracking (3DST) has recently emerged as a new,
more comprehensive evaluation of myocardial deformation, this study was undertaken to evaluate whether
it would compare more favorably with 2DTagg than 2DST.

Methods: In a prospective two-center trial, 119 subjects (29 healthy volunteers, 63 patients with left ventricular
dysfunction, and 27 patients with left ventricular hypertrophy) underwent 2DST, 3DST, and 2DTagg. Global,
regional (basal, mid, and apical), and segmental (18 and 16 segments per patient) LS and CS by 2DST and
3DST were compared with 2DTagg using intraclass correlation coefficients (ICCs) and Bland-Altman analysis.
Test-retest reproducibility of 3DST and 2DST was compared in 48 other patients.

Results: Both global LS and CS by 3DST agreed better with 2DTagg (ICC = 0.89 and ICC = 0.83, P < .001 for
both; bias = 0.5 * 2.3% and 0.2 = 3%) than 2DST (ICC = 0.65 and ICC = 0.55, P < .001 for both;
bias = —5.5 = 2.5% and —7 * 5.3%). Unlike 2DST, 3DST did not overestimate deformation at the regional
and particularly the apical levels and at the segmental level had lower bias (LS, 0.8 = 2.8% vs
—58 £ 2.4%; CS, —0.01 * 2.8% vs —7 = 2.8%, respectively) but similar agreement with 2DST (LS:
ICC=0.58 = 0.16 vs 0.56 = 0.12; CS: ICC = 0.58 = 0.12 vs 0.51 = 0.1) with 2DTagg. Finally, 3DST had similar
global LS, but better global CS test-retest variability than 2DST.

Conclusions: Using 2DTagg as reference, 3DST had better agreement and less bias for global and regional LS
and CS. At the segmental level, 3DST demonstrated comparable agreement but lower bias versus 2DTagg
compared with 2DST. Also, test-retest variability for global CS by 3DST was better than by 2DST. This sug-
gests that 3DST is superior to 2DST for analysis of global and regional myocardial deformation, but further
refinement is needed for both 3DST and 2DST at the segmental level. (J Am Soc Echocardiogr 2018;l: -1 .)
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Abbreviations

2D = Two-dimensional

2DST = Two-dimensional
speckle-tracking

2DTagg = Two-dimensional
tagging

3D = Three-dimensional

3DST = Three-dimensional
speckle-tracking

CMR = Cardiac magnetic
resonance

CS = Circumferential strain
EDV = End-diastolic volume
ESV = End-systolic volume

GCS = Global peak
circumferential strain

GLS = Global peak
longitudinal strain

ICC = Intraclass correlation
coefficient

Estimation of systolic strain by
speckle-tracking echocardiogra-
phy has become widely popular
to quantify myocardial deforma-
tion, making it possible to detect
subclinical disease'> and obtain
prognostic information® in various
cardiac pathologies. Although
the technique has been validated
in vitro and in vivo,>° significant
dissimilarities between two-
dimensional speckle-tracking (2DST)
strain measurements performed
using different ultrasound ma-
chines and different strain soft-
ware packages have been
observed in clinical studies.””
Therefore, efforts to standardize
deformation imaging among
software packages have been
undertaken by the industry at
the initiative of a European
Association of Cardiovascular
Imaging/American Society of
Echocardiography task force.'”

In prior work, aiming to vali-
dating 2DST against cardiac
magnetic resonance (CMR)
two-dimensional tagging (2DTagg)—
derived strain in a large population of patients,'' we found a good
correlation of global peak longitudinal strain (GLS) and global peak
circumferential strain (GCS) among both methods but observed
that there was systematic overestimation by 2DST compared with
CMR, which was more important for GCS than for GLS.
Moreover, on a regional basis, we observed greater heterogeneity
of strain in healthy volunteers with 2DST than with 2DTagg and
poor agreement between 2DST longitudinal strain (LS) and circum-
ferential strain (CS) and 2DTagg, with important variation among seg-
ments.

Three-dimensional speckle-tracking (3DST) derived from three-
dimensional (3D) echocardiographic images has recently emerged as
a new technique for objectively evaluating myocardial deformation
with the potential advantage of assessing complex 3D cardiac structure
and function by following speckles in three dimensions over time.'*"
Although the technique compared favorably with 2DST,'*'® there
have been few comparisons against other imaging methods."”

Hence, the aim of this study was two-fold: (1) to investigate the po-
tential advantage of 3DST over 2DST by comparing both techniques
with the current standard of two-dimensional (2D) deformation
analysis, CMR tagging, in a large group of patients with various heart
diseases and (2) to evaluate if 3DST would allow better robustness
and less test-retest variability of measurements than 2DST.

LS = Longitudinal strain

LV = Left ventricular

METHODS

Study Population

The study protocol was previously published.!! Briefly, at two sites
(Brussels, Belgium, and Caen, France), subjects with various heart dis-
eases and healthy volunteers were prospectively recruited after giving
written informed consent to the institutional review board—approved
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protocol (Comité Ethique Hospitalo Facultaire Université Catholique
de Louvain, Brussels, Belgium, and Comité de Protection des
Personnes Nord-Ouest IlI, Caen, France). We screened two patient
populations. Healthy volunteers of both sexes and of different ages
without any cardiovascular history were recruited by advertisement
in the local community. Before inclusion and CMR, all volunteers un-
derwent clinical examinations and assessment of medical history and
cardiovascular risk factors, rest and stress electrocardiography, 2D
echocardiography, and blood sampling. Exclusion criteria for volun-
teers were any evidence of heart disease as indicated by clinical his-
tory, physical examination, presence of abnormalities on rest or
stress electrocardiography, presence of abnormal cardiac function
or valve disease on echocardiography, and pregnancy. The patient
group included those undergoing clinically indicated CMR for charac-
terization of left ventricular (LV) hypertrophy (hypertrophic cardio-
myopathy and aortic stenosis) or LV dysfunction (either ischemic
heart disease or nonischemic dilated cardiomyopathy). Exclusion
criteria were atrial fibrillation or multiple premature beats and contra-
indication to CMR (pacemaker or other magnetic resonance—
incompatible implant, claustrophobia, severe renal failure). All sub-
jects underwent echocardiography and CMR within 48 hours. In
the present study, we studied a subset of 119 of our initial 139 re-
cruited patients, in whom we performed 3D echocardiographic ex-
aminations of sufficient quality to allow 3DST analysis.

Two-Dimensional and 3D Echocardiography

Echocardiography was performed using an iE33 and Epic ultra-
sound system (Philips Medical Systems, Andover, MA) equipped
with a 1- to 5-MHz transthoracic matrix-array transducer (xMATRIX
X5.1) with both 2D and 3D capabilities. Two-dimensional grayscale
harmonic images were acquired in the apical views (two, three, and
four chamber) and the short-axis views (at the basal, mid, and apical
ventricular levels) at a frame rate of 55 to 60 frames/sec during
breath-hold, as previously described.!" Care was taken to avoid fore-
shortening in apical views and to image the true apex in short-axis
views. Thereafter, a 3D full volume was acquired from the apical
view, with minimum depth to encompass the entire left ventricle, in
apnea during four consecutive heartbeats with temporal resolution
of 22 to 25 frames/sec.

All 2D and 3D images were saved in Philips’s “native” Digital
Imaging and Communications in Medicine format (which contains
additional tags with information on high-integrity acoustic information
stored in a data-rich format akin to raw), transferred to an Xcelera
version 2.1 picture archiving and communication system server.
Speckle-tracking analysis of the “native” data was performed offline
by a single observer. The time required to perform the 2DST and
3DST analyses was documented. Two-dimensional images were
analyzed using aCMQ software (QLAB version 10.3, Philips
Medical Systems), as previously described.!" Briefly, global and
segmental longitudinal and circumferential peak systolic Lagrangian
2DST strain values were computed on the basis of 18- and 16-
segment models, respectively. The measured deformation for each
segment was a weighted combination of the local displacements,
with a greater weight given to the endocardium than to the epicar-
dium. The strain waveform was calculated from the per-region defor-
mation at the endocardial border. The global strain waveform was
derived as a weighted average of the segmental waveforms. Three-
dimensional images were analyzed using prototype software (Philips
Research, Medisys, Suresnes, France) on the basis of Sparse Demons
motion estimation.'® An optimal dense, nonrigid displacement field
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HIGHLIGHTS

o 3DST GLS and GCS agreed better with 2DTagg than 2DST.

e Unlike 2DST, 3DST did not overestimate GCS vs 2DTagg.

e Segmental strains by both 3DSTand 2DST agreed subopti-
mally with 2DTagg.

e 3DST and 2DST test-retest reproducibility were similar for
GLS. 3DST had better GCS test-retest reproducibility than
2DST.

was computed between contiguous frames by minimizing an energy
defined only on a finite number of points of interest in the LV segmen-
tation. Multilayer LV segmentation was initialized in end-diastole by us-
ing the same automated segmentation algorithm that is used for Philips
HeartModel'’: end-diastole was determined by detection of the elec-
trocardiographic R-wave peak time, LV long-axis orientation was then
estimated, and an adaptive algorithm generated a LV mesh on the basis
of a priori knowledge gained from training on an LV atlas of various LV
morphologies. When necessary, the endocardial border could be
further refined by the operator, either globally or locally. For the major-
ity of our patients, we performed both global and local editing, to
ensure correct tracking and therefore accurate strain information. A
screen-capture video showing the step-by-step analysis of a 3D full-
volume data set is available (Video 1 available at www.onlinejase.
com). Transmural segmental and global strain waveforms were calcu-
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lated from length change along the longitudinal and circumferential di-
rections in the LV meshes that were deformed by the estimated
displacement field. As for 2D imaging, global and segmental longitudi-
nal and circumferential peak systolic Lagrangian 3DST strains were
computed on the basis of 18- and 16-segment models, respectively.

Cardiac Magnetic Resonance

CMR studies were acquired using a 3.0-T system (Achieva, Philips
Medical Systems) at the two sites (Saint Luc Hospital, Brussels,
Belgium, and GIP CYCERON, Caen, France), as previously
described.!! We first acquired one set of conventional 1-cm-thick
retrospectively gated steady-state free precession short-axis slices
covering the left ventricle and two-, three-, and four-chamber long-
axis slices, respectively. To study myocardial deformation, we
repeated acquisition of eight to 10 short-axis and three long-axis im-
ages using prospectively triggered cine hybrid gradient-echo se-
quences with echoplanar readout and grid spatial modulation of
magnetization tagging in identical prescriptions. Parameters were as
follows: field of view, 36 to 40 cm; slice thickness, 8 to 10 mm; repe-
tition time, 7.2 msec; echo time, 2.0 to 4.2 msec; flip angle, 12°; echo-
planar factor, 7; matrix size, 256 x 96 to 140; temporal resolution, 20
to 40 msec; and tag spacing, 7 mm.

Short-axis steady-state free precession cine images were analyzed
using Segment version 1.9 (Medviso, Lund, Sweden) to compute
LV volumes, mass, and ejection fraction as previously described.
Tagged images were analyzed using HARP software (Diagnosoft

Table 1 Baseline and CMR characteristics of patients and volunteers

Volunteers (n = 29) Dysfunction (n = 63) Hypertrophy (n = 27) P

Age (y) 49 =17 54 + 16 57 = 16 .24
Men 15 (52) 52 (83)° 21 (78) .006
Weight (kg) 7111 74 =13 73 =12 .56
Height (cm) 171+ 8 173 =7 170 £ 7 .28
BSA (m?) 1.8 £ 0.2 1.9+ 0.2 1.9 +0.2 .42
SBP (mm Hg)

Echocardiography 128 + 22 120 = 23 122 £ 19 44

CMR 130 = 20 125+ 18 133 =19 .57
DBP (mm Hg)

Echocardiography 79 =12 75 =15 72 = 11 .32

CMR 79 =12 80 = 12 738 .74
HR (beats/min)

Echocardiography 63 = 10 70 =19 67 = 11 14

CMR 639 72 + 168 68 = 11 .01
CMR data

LV EDVi (mL/m?) 87 = 16 144 + 45* 88 + 20 .0001

LV ESVi (mL/m?) 32+8 102 + 48* 29 + 12 .0001

LVEF (%) 64 +5 31 +13* 68 =9 .0001

LV mass index (g/m?) 56 = 9" 77 =18 94 + 37F .0001

BSA, Body surface area; DBP, diastolic blood pressure; EDVi, indexed end-diastolic volume; ESVJ, indexed end-systolic volume; HR, heart rate;

LVEF, LV ejection fraction; SBP, systolic blood pressure.

Data are expressed as mean *= SD or as number (percentage).
*P < .0001 versus volunteers and hypertrophy.

TP < .003 versus dysfunction and hypertrophy.

*P < .01 versus dysfunction.

P < .005 versus volunteers.


http://www.onlinejase.com
http://www.onlinejase.com

4  Amzulescu et al

2DST

5

2DTagg

|
Lo
S how

o

Strain [%]

-20

3DST

Longitudinal deformation

>

2DST GLS=-24%

40

60
Cardiac cycle [%]

80

100

| End-systole

2DTagg GLS=-16%

60
Cardiac cycle [%]

80

Strain [%]

3DST GLS=-13%

20

40 60
Cardiac cycle [%]

80 10

100

0

Strain [%]

Journal of the American Society of Echocardiography

Circumferential deformation

W 2018

2DST GCS=-28%

20

40 60
Cardiac cycle [%]

80

100

| End-systole

2DTagg GCS=-17%

20

40 60
Cardiac cycle [%]

80 100

3DST GCS=-16%

40 60
Cardiac cycle [%]

80 100

Figure 1 Representative 2DST, 3DST, and 2DTagg images and associated strain curves from a healthy volunteer (A) and a patient

with LV dysfunction (B). All LV views are end-systolic frames with color-coded strain values superimposed on 2DST and 2DTagg
images. Color scale differs for each modality.
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Figure 1 (continued).

version 2.7; Diagnosoft, Baltimore, MD), and segmental Lagrangian
longitudinal and circumferential peak systolic strains were computed
on the basis of 18- and 16-segment models, respectively. The wave-
forms were filtered to remove large outliers and extended in end-

diastole using gradient extrapolation to compensate for the delayed
acquisition of the first phase (about 30 msec after detection of the
electrocardiographic R-wave peak time). The global strain waveform
was derived as a weighted average of the segmental waveforms; that
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Table 2 Normal GLS by 2DST, 3DST, and 2DTagg in healthy
volunteers

2DST 3DST 2DTagg
GLS (%) —21 + 2* —14 = 2F —15+2
GCS (%) —26 + 4* -15+2 —16 +2

Data are expressed as mean * SD.
*P < .0001 versus 2DTagg.
TP = .03 versus 2DTagg.

is, instead of each of the segmental waveforms contributing equally to
the global strain waveform, some segments contributed more than
others to account for differences in segment lengths. The time needed
to perform the 2DTagg analysis was also recorded.

Test-Retest Echocardiography

Test-retest reproducibility of 2DST and 3DST was evaluated in a
second population of 48 consecutive patients with various pathol-
ogies undergoing echocardiography for clinical reasons in the
echocardiography laboratory of Cliniques Universitaires Saint Luc.
Two-dimensional and 3D acquisitions performed as described
earlier were acquired with an approximately 10-min interval, first
by echocardiography technicians with >5 years of experience and
then by a single certified transthoracic echocardiographic physician
blinded to the initial image acquisition. The test-retest analysis was
done by a single trained observer, and measurements of matching
echocardiographic data sets were performed with a [-week interval
from each other.

Statistical Analysis

Statistical analysis was performed using SPSS version 21.0 (SPSS,
Chicago, IL). Pvalues < .05 were considered to indicate statistical sig-
nificance. Continuous variables are presented as mean * SD and cat-
egorical variables as counts and percentages. One-way analysis of
variance with Bonferroni (for normal distribution) or Games-Howell
(for unequal variances) post hoc correction was used to compare
baseline and CMR characteristics of subjects. Intertechnique compar-
isons were performed using linear Pearson correlation, two-way
mixed intraclass correlation coefficients (ICCs), and the Bland-
Altman method of estimation of bias, at the segmental (18 segments
per patient for LS and 16 segments per patient for CS), regional (base,
mid, and apical), and global LV levels. Test-retest reproducibility of
strain measurements was assessed at the global and segmental levels
using the Bland-Altman method and two-way mixed ICCs.

RESULTS

Clinical and CMR Characteristics of Patients

Baseline characteristics of the study population are presented in
Table 1. For the entire study population, systolic and diastolic blood
pressure was significantly lower at the time of echocardiography
than in the magnetic resonance environment (121 * 22 wvs
129 = 19 mm Hg [P = .02] and 75 = 15 vs 80 £ 11 mm Hg
[P = .03], respectively), while heart rate was similar (67 = 15 vs
68 £ 14 beats/min, P> .05). Patients with LV dysfunction had the
largest indexed LV volumes and lowest ejection fractions. LV indexed
mass was lowest in volunteers and highest in the LV hypertrophy
group. The average analysis times for 2DTagg (9—11 min) and
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2DST (7-9 min) were considerably longer than for 3DST (3—
5 min). Representative images and strain curves from a healthy volun-
teer and a patient with LV dysfunction are shown in Figure | and
Videos 2-5 (available at www.onlinejase.com).

Normal Global and Regional LS and CS in Healthy
Volunteers

Normal global strain values in the 29 healthy volunteers are shown in
Table 2. Normal GLS was significantly higher by 2DST and slightly
lower by 3DST versus 2DTagg (—21 = 2% and —14 * 2% vs
—15 £ 2% for GLS, P <.0001 and P < .03, respectively). Normal
GCS was significantly higher by 2DST than by 3DST compared
with 2DTagg (—26 * 4% and —15 * 2% vs —16 = 2%, P <.0001
and P> .05, respectively).

Bull's-eye plots showing the average and SD of normal regional LS
and CS in healthy volunteers by 2DST, 3DST, and 2DTagg are shown
in Figure 2. Regional normal LS and CS were variable among LV levels
by all modalities. However, by 2DST, LS and CS were significantly
higher in the apical than mid and basal segments (—25 = 2% vs
—20 £ 3% and —19 £ 2% for LS and —31 = 6% vs —26 * 4%
and —24 = 4% for CS, respectively, P < .0001 for all). By contrast,
3DST was more homogeneous at the different LV levels, with no sig-
nificant difference for LS (— 14 = 3%, —14 *+ 3%, —14 * 2%, P>.05)
but lower values at the LV base compared with mid and apex for CS
(—14 = 3%vs —16 * 3%, —17 = 2%, P=.001). This was also true for
2DTagg, for which apex-to-base differences were much less pro-
nounced than for 2DST.

Comparison of GLS and GCS by 2DST and 3DST versus
2DTagg

GLS by both 2DST and 3DST was significantly different in patients
with hypertrophy than volunteers (P<<.001 for both), while GCS de-
tected differences only by 2DST (P<.001), not by 3DST (P=NS). All
methods differentiated patients with dysfunction from volunteers and
hypertrophic (P<.01 for all). Global strain by group is described in the
Supplemental Table | (available at www.onlinejase.com).

Scatterplots and Bland-Altman graphs comparing global strain in
the entire population of 119 subjects are shown in Figure 3. For
both GLS and GCS, the agreement between 3DST and 2DTagg
(ICC =0.89 and ICC = 0.83, P < .0001 for both) was better than
for 2DST versus 2DTagg (ICC = 0.65 and ICC = 0.55, P <.0001
for both). Although 2DST GLS and GCS values were systematically
higher (bias = —5.5 = 2.5% and —7 = 5.3%) compared with
2DTagg, 3DST GLS and GCS values were not significantly different
from 2DTagg (bias = 0.5 = 2.3% and 0.2 = 3%). Additionally, as
shown in Figure 3, for GCS by 2DST, the slope of the intercept
was steep and the bias was skewed, with the highest overestimation
being present in the range of normal deformation values. The slope
of the intercept was closer to the identity line, and the bias was
more homogenously distributed for GCS by 3DST.

Regional and Segmental Strain

As shown in Figure 4A, also at the regional levels, LS by 3DST agreed
better with 2DTagg than 2DST, in particular at the apical level (base:
ICC=0.68 vs ICC =0.59; mid: ICC = 0.85 vs ICC = 0.76; apex:
ICC =0.81 vs ICC =0.57; P<.0001 for all). At all the LV levels,
LS by 3DST had lower biases than by 2DST and did not overestimate
deformation, specifically at the apical level (bias —1.1 = 3.5%,
1.7 = 2.8%, and 1.1 = 3.4% for 3DST at the base, mid, and apex;
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Figure 2 Bull’s-eye representations of mean longitudinal and circumferential segmental strain values in healthy volunteers by 2DST,
3DST, and 2DTagg. A, Anterior; AL, anterolateral; AS, anteroseptal; /, inferior; IL, inferolateral; IS, inferoseptal.

bias = —4.4 = 3.1%, —4.4 = 2.7%, and —8 = 3.3% for 2DST at the ICC=0.63 vs ICC=0.36; P<.0001 for all; see Figure 4B). Unlike
base, mid, and apex). 2DST, which showed increased and skewed biases from base to

The agreement between 3DST and 2DTagg for CS at the different apex (bias = —5.4 = 5%, —6.3 * 6%, and —11 = 9.2%), bias was
LV levels was better than between 2DST and 2DTagg (base: lower and more homogenously distributed with 3DST
ICC=0.80 vs ICC =0.63; mid: ICC = 0.81 vs ICC = 0.58; apex: (bias = 1.3 = 2.9%, —0.6 * 3.6%, and —1.4 *= 5.2%).
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Figure 3 Scatterplot and Bland-Altman plot comparing 2DST, 3DST, and 2DTagg. (A) Longitudinal strain. (B) Circumferential strain.

As shown in Figure 5, in the entire population, 3DST had lower
segmental strain values than 2DST, particularly at the apical level,
for both LS and CS. At the segmental level, 3DST versus 2DTagg
had a similar mean ICC to that of 2DST versus 2DTagg (LS:
ICC =0.58 = 0.16 vs 0.56 = 0.12; CS: ICC = 0.58 = 0.12 vs
0.51 = 0.1) but much lower bias (LS: bias = 0.8 = 2.8% vs
—5.3 = 2.4%; CS: bias=—0.01 = 2.8% vs —7 = 2.8%, respectively).

Test-Retest Reproducibility of 2DST and 3DST

Characteristics of the test-retest population are shown in Table 3. The
test-retest variability for GLS and GCS is shown in Table 4. The repro-
ducibility of GLS was similar by 2DST and 3DST (ICC = 0.92 and
ICC = 0.82), while GCS was more reproducible by 3DST than by
2DST ICC=0.88 and ICC=0.76; see Figure 6). At segmental level,
as shown by the Figure 7, agreement was better by 3DST than by
2DST for CS (mean ICC =0.73 + 0.1 vs 0.51 = 0.1), while it was
similar for LS (mean [CC=0.73 = 0.1 vs 0.73 = 0.1).

DISCUSSION

In this study, we compared 3DSTand 2DST versus 2DTagg for global,
regional, and segmental LV deformation quantification in a large
group of patients with various cardiac pathologies. The main findings
of our work are as follows.

1. GLS and GCS measurements by 3DST agreed better with 2DTagg than
2DST, and unlike 2DST, 3DST did not overestimate myocardial deforma-
tion, especially in the circumferential direction.

2. Compared with 2DTagg, 3DST regional deformation performed better
than 2DST, with lower and more homogenously distributed biases, espe-
cially for the circumferential regional strain and notably at the apical level.

3. However, at the segmental level, agreement of both 3DST and 2DST with
2DTagg was suboptimal, although with lower biases for 3DST than 2DST.

4. The test-retest reproducibility of 3DST was comparable with that of 2DST
for longitudinal deformation but significantly better for the CS.

To our knowledge this is the first study comparing 3DST-derived
strain measurements with the current 2D gold standard of myocardial

deformation, CMR tagging, while investigating the potential benefits
of 3DST over the 2DST technique.

In agreement with previous studies, our results show that different
values of myocardial deformation are obtained by 3DST than by 2DST,
and additionally, we demonstrate that the LS and CS values obtained
with 3DST compared more favorably with 2DTagg than values
derived from 2DST. While 2DST resulted in systematic strain
overestimation, especially in the circumferential direction, this bias was
no longer present with 3DST. This finding is reinforced by the regional
deformation analysis of the different LV levels showing that 3DST is
more stable at the base, mid, and apical levels than 2DST, for
longitudinal and, more so, circumferential assessment.

Unquestionably, part of the observed differences between 3DSTand
2DST are related to LV twisting and motion of the base of the heart to-
ward the apex, responsible for the through-plane motion of speckles
not accounted for by 2DST techniques. Moreover, with 3D acquisition,
the entire left ventricle is encompassed in the full-volume data set, over-
coming any foreshortening in the long axis and any apical plane
misalignment in short axis by 2D imaging, potentially explaining the
overestimation of LS and CS, especially at the apical level. Although
itis reassuring that 3DST compares well with the gold-standard method
of strain quantification, 2DTagg, it would appear to challenge the hy-
pothesis of out-of-plane motion of speckles. However, the observed dif-
ferences between the techniques should be interpreted taking also into
account that different segmentation and tracking algorithms are imple-
mented in the analysis software packages. As described in our prior
work, the 2DST algorithm favors the endocardial LV layer, where defor-
mation is higher than in the mid and epicardial LV layers, while with
2DTagg, more transmural information is obtained by tracking taglines
within the myocardium. As for the 3DST prototype, it yields transmural
strain by estimating the displacement of the speckle pattern within an
automated segmentation of the left ventricle by an adaptive model
trained on 3D echocardiographic images.

Despite the good results obtained at the global and regional
levels, deformation analysis at the segmental level remains chal-
lenging for both 3DST and 2DST, although 3DST seems to perform
slightly better than 2DST when both are compared with 2DTagg.
Whether this results from the difficulty of matching LV segments
throughout different imaging techniques or simply the software’s

14,15



Journal of the American Society of Echocardiography
Volume l Number

Amzulescu et al

A Base Mid Apex
204 20+ 204
T 15 I 157 T 15
o 10 2 10 o 10
g g g
A 5419680 o 5% B = B 51
L ]
2DST g 0 N Q OptessD © _ . q,:1.5%]
= = [ L o §°
57 (7] »
[a] : [a] [a]
N 10+ N N
o -15 (=) [a]
=20
25 20 15 10 5 0 25 20 45 10 5 0 25 20 15 410 5 0
Average LS (%) Average LS (%) Average LS (%)
20 20 20
& 15 15 s 15
§ L +1.96SD ° 5.8% § 10—:1'?-6-5[-) ----- e LA g 10_.*1 NSO _ e .:. T 7.8%)
- 5 - 5. S5 [} e
3DST [a] [a] | o Bias
9 Yo o § 0
= B |tesso_ Te%¥® g " % Vi L .
» 0 -5 B S My LI
[a] [a] ° a ® L 5.5%
) 9 10 L4 ® 104
E E = .
o 0 -15 o -151
-20+ =20+
25 20 15 10 -5 0 25 20 15 10 -5 0 25 20 15 -0 -5 0
Average LS (%) Average LS (%) Average LS (%)
B Base Mid Apex
40 40
9 T 309 T 301
(=] D 20 D 20
] =) =)
i £ 10719650 . aow| 1 107+1965D 6:6%,
2DST 2 ] o g ad < SR
o o 01 (J o
= = Bias ® o -63% b
72} 0 10 ov% ° 7]
a a -1.96SDg $00 P 0 © 174% Q
N o _20." - ;" TeTTTTTEEssssEe e N
£ E ° E
o o -30 o
-40q
=30 25 -20 15 10 -5 0 -30 -25 -20 15 10 -5 0 =30 -25 -20 15 10 -5 0
Average CS (%) Average CS (%) Average CS (%)
40 40 40+
g 304 g 301 I 301
§ 204 § 201 § 20
— 10q+1%eso__________ e ____ 7%] = 107+196SD__ o e 6.4%, 40110880 s oo _88%)
3DST 29 = A=) ; A , AW e
o Olisesy T g 0 q 0p P
________ R L A1 [y
0 - 0 - L _10--1.96SD -1
g 101 3 10 * é 10132 e B SRAIASITALL
E -201 :E -20- p 201
B -301 0 -301 0 -30
401 -407 -401

30 25 20 -15 10 -5 0
Average CS (%)

30 -25 -20 15 10 5
Average CS (%)

0

30 -25 20 -15 10 -5 0
Average CS (%)

9

Figure 4 Bland-Altman plots comparing regional strain by level (basal, mid, and apical level) by 2DST and 3DST versus 2DTagg.

(A) Longitudinal strain. (B) Circumferential strain.
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Table 3 Characteristics of the test-retest population (N = 48)

Table 4 Test-retest reproducibility of global strain measures

Variable Value Measure ICC Mean bias (95% ClI)

Age (y) 58 = 16 GLS 2DST 0.92 —0.05 = 1.9% (—3.7% to 3.6%)
Men 29 (60) GCS 2DST 0.76 —0.05 = 3.6% (—7.1% to 7%)
BSA (m?) 1.89 = 0.2 GLS 3DST 0.82 —0.11 £ 2.3% (—4.7% to 4.5%)
Cardiac pathology GCS 3DST 0.88 0.01 = 2.2% (—4.4% to 4.4%)

Normal 27 (56)

LV dysfunction 6 (13)

LV hypertroph 1(1 . . e

Val y‘;? Ll 10 (2)1 humans, discrepancies appear. The challenge of quantifying

alve disease (1) segmental strain is becoming a problem increasingly recognized in

Other 40 recent publications as well,>> which documented significant differ-
SBP (mm Hg) 126 = 20 ences between vendors in the accuracy to identify regional abnor-
DBP (mm Hg) 74 =12 malities.
HR (beats/min) 68 + 12 Yet another argument rendering data interpretation difficult is the

BSA, Body surface area; DBP, diastolic blood pressure; HR, heart
rate; SBP, systolic blood pressure.
Data are expressed as mean = SD or as number (percentage).

immaturity to accurately depict deformation at a smaller level is a
matter of debate. Both 3DST and 2DST have been independently
validated versus sonomicrometry in animal models>>%*' for the
quantification of regional deformation, but when translated to

inhomogeneous distribution of segmental strain values in the normal
population, with 2DST showing systematically higher values in the
apical segments, while with 3DST this nonuniformity persisted but
did not favor any of the LV levels. Our findings are consistent with
those of other studies reporting large dispersion of normal 3D strain
segmental values in large group of volunteers,>> which may be a fac-
tor limiting comparison with diseased segments in patients with local-
ized wall involvement. The average longitudinal and circumferential
normal strain values by 3DST with the prototype we analyzed were
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Figure 6 Test-rest reproducibility of GLS and GCS by 2DST and 3DST. (A) Scatterplots. (B) Bland-Altman graphs.

Longitudinal

Circumferential

A

3DST

Figure 7 Test-rest reproducibility of segmental LS and CS by 2DST and 3DST. Values plotted in the bull’s-eyes represent the mean
ICC per segment. A, Anterior; AL, anterolateral; AS, anteroseptal; /, inferior; IL, inferolateral; IS, inferoseptal.

lower than previously reported in the literature,>>** although

comparable with 2D tagging. Despite efforts toward standardization
by the European Association of Cardiovascular Imaging in
partnership with industry, part of the difference in normal strain

values with the already published data probably arises from the

large intervendor variability in the implemented 3DST algorithms,

different regularization of strain curves, and varying postprocessing
25

steps.
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Test-Retest Variability

The superior reproducibility of 3D over 2D echocardiography for LV
volume and ejection fraction quantification has been thoroughly
demonstrated.*® Previous studies documenting strain measurement
reproducibility have mainly assessed the intra- and interobserver vari-
ability of 3DSTand 2DST?® and less the test-retest reproducibility of
2DST techniques,”” while very few studies so far have assessed the
test-retest variability of 3DST.?® Our study is therefore among the first
to investigate any advantage of 3DST over 2DST by directly
comparing the capabilities of the two methods. We found that the
test-retest reproducibility of 3DST is comparable with that of 2DST
for longitudinal global, regional, and segmental strain analysis,
whereas it is superior to 2DST for CS assessment at all levels.
Undoubtedly, this is due to the difficulty of reproducing the short-
axis planes, especially at the apical level.>

Clinical Implications

Our study suggests that the assessment of LV deformation by 3DST
could represent a further step toward understanding cardiac function,
allowing more accurate and more reproducible assessment of
global and regional deformation than 2DST. Currently its application
is limited to research purposes only, as trained observers and
experienced cardiology centers are prerequisites for adequate image
acquisition and analysis. Certainly, the added value of assessing 3D
deformation to characterize heart disease and maybe provide data
on prognosis needs to be investigated in prospective clinical studies.
Efforts from software developers should aim, besides standardization
of 3D deformation estimates, at finding solutions to obtain accurate
segmental strain information. It is reassuring, however, that by
3DST, reproducible data are obtained by different observers and
promising as far as serial studies are concerned. Also, as 3DST and
2DST had similar test-retest reproducibility for LS measurement,
2DST-derived GLS, the parameter currently most investigated for
deformation assessment, can continue to be used for follow-up
studies in patients with different pathologies.

Limitations

We acknowledge several limitations of our study. First, in the absence
of a gold standard for 3D deformation assessment, we considered 2D
tagging as the frame of reference, as this is the current method
thought to provide validated and accurate strain measurements.
However, inaccuracy of the 2DTagg method itself could also
potentially contribute to the observed strain differences.

Second, a nonnegligible factor is that the frame rates of 3DST and
2DTagg were lower than for 2DST, which could therefore lead to
underestimation of deformation because of insufficient temporal
resolution. Studies assessing the impact of frame rate on strain
measurements have suggested that the comparison between 3DST
and 2DST is not compromised at a temporal resolution of 18 to 25
frames/sec for the 3D data set.>%>! Also, because current 3DST
image quality is typically inferior to that of 2DST, in our study we
used only good-quality 3D data sets, and therefore our results cannot
be applied to real-life practice.

Last, but importantly, our results cannot be extrapolated to other
vendors, as the study was not designed to investigate more than one
software developer. Additionally, we compared the performance of
3DSTand 2DST versus 2DTagg, however, as it is of recent development,
we have not yet investigated the clinical additive value of 3DST. Further
prospective studies are needed in order to address this question.

Journal of the American Society of Echocardiography
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CONCLUSION

Our findings demonstrate the superiority of 3DST over 2DST for evalu-
ation of global longitudinal and circumferential myocardial deformation
compared with 2D cardiac magnetic resonance tagging. However,
segmental deformation assessment was not significantly improved by
3DST analysis compared with 2DST, suggesting that both these tech-
niques need further refinement in order to accurately characterize
regional myocardial abnormalities.
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Supplemental Table 1 GLS and GCS stratified by technique in healthy volunteers and patients with LV dysfunction and
hypertrophy
Strain Technique Volunteers (n = 29) Dysfunction (n = 63) Hypertrophy (n = 27) P
GLS (%) 2DST 2 =@ —14 + 51 17+ 4 <.001
3DST —14 + 2* -9 =+3f -11+3 <.001
2DTagg —15 = 2 —9 + 4t —11+3 <.001
GCS (%) 2DST 26 + 4* —13 + 6! —23+5 <.001
3DST —-15+2 —9 =+ 3f —-14 £ 4 <.001
2DTagg —16 + 2* —10 = 3t —13 +1 <.001

Data are expressed as mean + SD.
*P < .001 versus dysfunction and hypertrophy.
TP < .01 versus volunteers and hypertrophy.
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