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Abstract Three-dimensional (3D) speckle tracking echo-
cardiography (STE) is a reliable clinical tool for accurate
measurements of left ventricular (LV) volumes and ejec-
tion fraction (EF). In this prospective study, we sought
to identify an association between 3DSTE longitudinal
strain abnormalities and areas of late gadolinium enhance-
ment (LGE). In 50 patients (52 +18.5 years old) referred
to our hospital for clinically indicated CMR, 3D full-vol-
ume trans-thoracic acquisitions on apical views were per-
formed within 1 h of CMR, in order to obtain LV volumes
and ejection fraction as well as global and segmental peak
systolic longitudinal strain. Relative amount of fibrosis was
defined based on LGE CMR with grey-scale threshold of 5
standard deviations above the mean signal intensity of the
normal remote myocardium. We found a moderate posi-
tive correlation between global longitudinal strain (GLS)
by 3DSTE and LGE proportion (r=0.465, p=0.001). The
area under the receiver operating characteristic curve was
0.79. In addition, abnormal GLS could detect LGE-deter-
mined myocardial fibrosis with a sensitivity of 84.6%, a
specificity of 84.8%, a positive predictive value of 69% and
negative predictive value of 93%, considering an optimal
GLS cut-off value of —15.25%. Regarding 3DSTE capac-
ity of localizing segmental LGE involvement, about 70%
of LGE-positive segments presented a concomitant longi-
tudinal strain reduction. This prospective study shows that
3DSTE longitudinal deformation is moderately associated
with the extent of myocardial fibrosis, with a promising
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potential role in ruling out prognostically relevant fibrosis
as detected by LGE.

Keywords Three-dimensional speckle tracking
echocardiography - Longitudinal strain - Late gadolinium
enhancement - Tissue characterization - Cardiac magnetic
resonance - Myocardial fibrosis

Abbreviations

2D Two dimensional

3D Three dimensional

2DSTE Two dimensional speckle tracking
echocardiography

3DSTE Three dimensional speckle tracking
echocardiography

CMR Cardiac magnetic resonance

EDV End diastolic volume
EF Ejection fraction

ESV End systolic volume
GLS Global longitudinal strain
LGE Late gadolinium enhancement

LV Left ventricular

psLS Peak systolic longitudinal strain
ROC Receiver operating characteristic
ROI Region of interest

SD Standard deviations

STE Speckle tracking echocardiography

Introduction
Three-dimensional (3D) speckle tracking echocardiogra-
phy (STE) is a novel clinical tool that has been shown to

accurately evaluate left ventricular (LV) volumes and sys-
tolic function in terms of ejection fraction (EF) and strain
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analysis (global and segmental) in different patient popula-
tions [1-6].

Although two-dimensional (2D) speckle tracking strain
analysis has been demonstrated to detect subtle subclini-
cal myocardial damage earlier than other conventional
echocardiographic techniques [7-12], it has not been fully
integrated in clinical routine practice due to its significant
limitations (time-consuming analysis, out-of-plane motion
of speckles).

The gold standard in clinical practice for “in-vivo” tis-
sue characterization is late gadolinium enhancement (LGE)
detected by cardiac magnetic resonance (CMR). Indeed, it
has been shown to be a reliable method for detecting and
quantifying myocardial fibrosis, a pathological expan-
sion of the myocardial interstitium which is a common
manifestation of most advanced cardiomyopathies with
major prognostic implications [13-15]. A few studies have
already demonstrated an association between 2D longitudi-
nal segmental strain with areas of LGE by CMR [16, 17]
but the long time required for the 2D strain analysis has
limited its clinical applicability. The advent of 3DSTE
allowed overcoming 2D-strain-analysis limitations; never-
theless, the lack of clear normal ranges of strain parameters
has traditionally precluded their widespread use in the clin-
ical arena. Recent multicentre studies have clearly defined
normal reference values of LV strain parameters using
3DSTE in a large healthy population [18, 19], thus making
this tool more applicable in the clinical practice, especially
considering its much shorter time of analysis over 2D STE
(around one-third of 2D STE time) [20].

In this study we sought to identify an association
between 3DSTE longitudinal strain abnormalities and areas
of late gadolinium enhancement (LGE) detected by CMR
in a heterogeneous patient population of all-comers.

Methods
Study design

We prospectively recruited consecutive patients who
underwent clinically-indicated CMR and agreed to undergo
echocardiography on the same day. Exclusion criteria were:
age < 18 years, irregular heart rhythm (such as atrial fibril-
lation or frequent premature beats) during scan, poor echo-
cardiographic window, acute cardiac symptoms (during the
3 months before CMR) suggesting possible acute cardiac
damage (i.e. acute chest pain, dyspnoea). Two patients were
screened but not enrolled in the study due to poor echocar-
diographic window.

All study patients underwent a transthoracic echocardio-
gram with a proper three-dimensional probe and a CMR in
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the same day within 1 h. Echo and CMR analyses were per-
formed blinded.

3D echocardiography

Four- or six-beat full-volume 3D LV data sets were
obtained during breath-hold from apical view, using Philips
iE33 (Philips Medical Systems, the Netherlands) equipped
with a 3D trans-thoracic probe (X3-1 transducer). The
mean temporal resolution of 3D data sets was 34+9 vol-
umes/sec (range 22-55 volumes/sec).

The 3D data sets were exported in Vol DICOM format
to separate workstation equipped with the vendor-inde-
pendent software package 4D LV-Analysis® 3.0 (TomTec
Imaging Systems GmbH, Unterschleissheim, Germany).
LV analysis were performed offline by an experienced
reader blinded to CMR results. The software 4D LV-Anal-
ysis provides a step by step workflow: (1) View alignment
with the manual adjustment of automatically detected axes,
(2) Beutel revision with the manual adjustment of auto-
matically generated green contours to produce a static 3D
LV surface model, (3) Tracking revision with the manual
adjustment of automatically generated green contours to
produce a dynamic 3D LV surface model; (4) Analysis
with dynamic and static maps and time curves. LV volumes
were semi-automatically computed to obtain End Diastolic
Volume (EDV), End Systolic Volume (ESV) and Ejection
Fraction (EF). Three-dimensional speckle-tracking-derived
Global Longitudinal Strain (GLS) and peak systolic Lon-
gitudinal Strain (psLS) for 16 standard American Heart
Association myocardial segments, were obtained from api-
cal views based on detection of natural acoustic speckles.
The latter are acoustic markers within the myocardium that
can be followed frame-by-frame during several consecutive
images regardless of cardiac inevitable motion. The soft-
ware calculates mean strain values for whole predefined LV
segments thus generating segmental curves whose peaks
values are recorded as psLS.

The percentage of myocardial segments with positive
LGE and overlapped abnormal segmental psLS was calcu-
lated. Peak systolic LS was defined “abnormal” at the cut-
off value of +1 SD from the mean of age/sex-related nor-
mal reference values for segmental specific location (basal,
middle, apical), in accordance to recent studies assessing
normal reference values for 3DST strain'®. Indeed, differ-
ences in the magnitude of LV strain are present between
different age and sex groups, as well as between different
segments, walls. Therefore, the functional non-uniformity
of the normal LV requires the use of segment-specific nor-
mal ranges for longitudinal strains.

In 10 randomly selected patients, intraobserver and inter-
observer variabilities in the analysis of LV volumes and of
longitudinal strain were evaluated (Table 1). The absolute
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Table 1 Intraobserver and

Inter-observer

Relative error (%) Absolute error Relative error (%)

. e Variable Intra-observer
interobserver variabilities
Absolute error
EDV (ml) 9.2+13.3
ESV (ml) 93+11.6
EF (ml) 24423
GLS (%) 1.0+£0.6

1.97+22 57+3.1 1.24+0.73
3.82+43 8.5+12.7 429+6.5
1.21+1.2 3.6+24 1.91+2.0
1.77+1.5 1.8+0.9 3.03+1.91

EDV end-diastolic volumes, ESV end-systolic volumes, EF ejection fraction, GLS global longitudinal strain

Absolute error =abs (observerl — observer2). Relative error =absolute error / [(observer]l + observer2) / 2]

error was calculated as the absolute difference between the
2 readings; the relative error was calculated as the absolute
difference divided by the mean of the two readings.

CMR

The CMR studies were performed on a 1.5 T whole-body
scanner (Achieva; Philips Medical Systems, Best, the Neth-
erlands) equipped with a five-channel cardiac phased-array
coil (SENSE Cardiac, Philips Medical System), using
ECG-gating. Standard steady-state free precession cine
imaging with full ventricular coverage was performed. Late
Gadolinium Enhancement (LGE) imaging was carried out
10 min after intravenous injection of 0.15 mmol/kg body
weight Gadobutrol (Gadovist; Bayer Schering Pharma,
Schering, Berlin, Germany) in the same short-axis orienta-
tion with full LV coverage using a three-dimensional inver-
sion-prepared spoiled gradient echo sequence. CMR data
were analysed using a commercial image viewing software
(IntelliSpace Portal v.7, Philips Healtcare, Best, Nether-
lands) by an experienced reader blinded to the echocardio-
graphic results. LV volumes and EF were assessed from the
cine short-axis stack. LGE presence was visually assessed
in each segment using the 16-segment cardiac model. LGE
total amount was assessed semi-automatically: epicardial
and endocardial contours as well as a region of interest
(ROI) within remote myocardium were traced manually in
each slice. Areas of LGE were defined as a signal inten-
sity of more than 5 standard deviations (SD) above remote
myocardium. LGE total amount was expressed as a per-
centage of total myocardial mass.

Statistical analysis

Statistical analysis was performed with MATLAB 2015
(The MathWorks, Inc., Natick, MA, USA). Continuous
data are presented as mean+SD and were compared using
the Student t-test. Pearson’s correlation coefficient (r) was
calculated to express correlation between 3DSTE and CMR
measurements. Comparison between 3DSTE- with CMR-
derived measurements was assessed by Bland—Altman

analysis. A p value less than 0.05 was considered to be sta-
tistically significant.

Standard diagnostic accuracy tests were calculated for
the assessment of the capacity of 3DST-GLS to detect myo-
cardial fibrosis. Receiver operating characteristic (ROC)
curve was generated for GLS to detect myocardial fibrosis
in order to summarise accuracy over a range of different
test thresholds. In addition, Cohen’s kappa (k) coefficient
was also calculated in order to take into account the inter-
raters agreement occurred by chance for observed diagnos-
tic accuracy. Cohen’s k coefficient was calculated applying
the following equation: k=Po (observed agreement)—Pe
(hypothetical probability of chance agreement)/1 — Pe.

Ethical approval

The study protocol was approved by the San Raffaele Sci-
entific Institute Ethics Service (04/int/2015) and complied
with the Declaration of Helsinki and all patients gave writ-
ten informed consent.

Results
Patient characteristics

We included in the study a total of 50 patients (70% males;
mean age was 52+ 18.5 years) whose baseline characteris-
tics are reported in Table 2. Four patients (8%) underwent
CMR examination without gadolinium injection. Our study
population presented LV diastolic volumes ranging from
85 to 349 ml, LV systolic volumes ranging from 21 to
262 ml and LV EF from 25 to 78%. Twenty-nine patients
(63%) were LGE positive and they presented a wide range
of myocardial diseases including hypertrophic cardiomyo-
pathy (8 patients), dilated cardiomyopathy (9 patients),
myocardial-infarction-related scarring (4 patients), con-
valescent myocarditis (5 patients), chemotherapy-induced
cardiomyopathy (1 patient), valvular cardiomyopathy (1
patient), sarcoidosis (1 patient).
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Table 2 Patient characteristics

Study population characteristics N=50
Age (years), mean=+ SD 52+18.5
Male gender; n (%) 35 (70)
Body surface area (m?), mean + SD 2+0.23

Temporal resolution of 3D data-sets (volumes/ 34 +9 (22-55)

sec), mean + SD (range)

67+12

156 +44 (85-349)
76+43 (21-262)
55+12 (25-78)

Heart rate (bpm), mean +SD

CMR-derived EDV (ml), mean + SD (min—-max)
CMR-derived ESV (ml), mean + SD (min—max)
CMR-derived EF (%), mean + SD (min—-max)

CMR- LGE positive, n (%) 29 (63)
CMR- LGE (%), mean+ SD 9.8+8.7
Abnormal GLS, n (%) 17 (34)

Clinical diagnosis® in LGE positive patients, n (%)

Hypertrophic cardiomyopathy 8 (28)
Dilated cardiomyopathy 931
Convalescent myocarditis 5(17)
Myocardial infarction scarring 4(14)
Miscellaneous 3(10)

Data are presented as absolute numbers and percentages, for categori-
cal variables, or mean value + SD, for continuous variables

EDV end-diastolic volumes, ESV end-systolic volumes, EF ejection
fraction, GLS global longitudinal strain, CMR cardiac magnetic reso-
nance

2% out of 46 patients who underwent Gadolinium injection

®The final diagnosis was a result of the integration of clinical data and
CMR studies

LV volumes and EF

In Fig. 1 and Table 3 we report the correlation analy-
sis between CMR and 3DSTE-derived LV volumes and
EF. 3DSTE-derived parameters show good positive cor-
relations with CMR-derived ones. The correlation for EF
measurements (r=0.902, p<0.001) was stronger than the
one regarding volumes (EDV: r=0.783, ESV: r=0.865;
p<0.001). In addition, 3DSTE-derived LV volumes were
significantly underestimated compared with CMR with a
bias of 45.83 ml for EDV and 24.8 ml for ESV. Notably,
Bland-Altman plots show a proportional error: the bias
presents an increasing trend with higher LV volumes. EF
measurements though show a bias of —2.43%.

3DSTE longitudinal strain and LGE

In the study population, the mean peak global longitudi-
nal strain GLS was —16.6% + 5.6% and 17 patients (34%)
presented abnormal GLS values (considering the optimal
cut-off generated by the ROC curve analysis). On the other
hand, 29 patients (63%) were LGE positive with a mean of
9.8% + 8.7% (range 1-29%).
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Figure 2 shows a statistically significant moderate corre-
lation between LGE burden and GLS (r=0.465, p=0.001).
The Area Under the Curve (AUC) was 0.79. Considering
the “prognostic” cut-off value of 10% LGE for definition
of myocardial fibrosis [21-24], GLS detected myocardial
fibrosis determined by LGE with a sensitivity of 84.6%,
a specificity of 84.8% with the optimal GLS cut-off value
of -15.25% as generated by ROC curve (Fig. 3). Particu-
larly, the positive predictive value of the test was low
(PPV=68.7%) as opposed to its negative predictive value
(NPV =93.3%). Accordingly, the LGE burden in patients
with normal GLS is significantly lower compared to the
one of patients with abnormal GLS (3.05+4.87% in nGLS
vs 13.344+9.9% in aGLS, p <0.005).

When taking into account the part of agreement that
may occur by chance, the agreement is still meaningful as
the Cohen’s k coefficient is 0.73.

The analysis of segmental peak longitudinal strain was
used to identify the number of myocardial segments with
abnormal peak longitudinal strain (considered as 1 standard
deviation under the mean of normal reference for sex, age
and segment) and a concomitant positive LGE by CMR.
Out of 82 LGE-positive segments, 57 (69.5%) presented a
concomitant longitudinal strain reduction, see Fig. 3.

Discussion

The major findings of this prospective study are that (1)
there is a moderate correlation between GLS by 3DSTE
and LGE detected by CMR,; (2) there is a meaningful over-
lap between segments presenting an abnormal segmental
longitudinal strain and concomitant LGE; (3) 3DSTE con-
firms to be a reliable diagnostic tool for calculation of LV
volumes and EF even in a heterogeneous patient population
of all-comers. The 3D echo-derived LV volumes are stead-
ily underestimated, which is in keeping with previous data
[25] as in most patients 3D echocardiography cannot differ-
entiate between the myocardium and trabeculae.

LGE-determined myocardial fibrosis: a promising
prognostic marker in cardiomyopathy

LGE detected by CMR offers the futuristic capacity
to identify and quantify “in vivo” the burden of myo-
cardial fibrosis, a pathological expansion of the myo-
cardial interstitium which is a common manifestation
of most advanced cardiomyopathies [13-15]. Accord-
ing to the concept that gadolinium is restricted to the
extracellular compartment (interstitium) and excluded
from normal intracellular space, contrast enhancement
reliably identifies expansion of the interstitium, more
commonly related as fibrosis. The introduction of LGE
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Fig. 1 Correlation plots (left panel) and Bland—Altman plots (right
panel) comparing 3DSTE- with CMR-derived measurements. From
top to bottom depicting LVEDV, LVESV and LVEF. Bland-Altman
plots visually illustrate the dispersion of 3DSTE measurements for
one CMR parameter. On the y-axis the absolute difference between

3

permitted a comprehensive “in vivo” phenotypic char-
acterization of cardiomyopathies with major prognostic
implications as many studies have demonstrated a cor-
relation between the extent of LGE and major clinical
endpoints. In particular, Bello et al. [21] have shown that
ischemic patients with LGE > 10% of LV mass had two-
fold increase risk of death and those with higher LGE
burden were at even higher risk. The DETERMINE trial
[22] is currently exploring potential prognostic benefits

3DSTE and CMR measurements is reported and on the x-axis the
CMR derived value. Bias and limits of agreement are also indicated
in this figure. EDV end-diastolic volumes; ESV end-systolic volumes,
EF ejection fraction; r correlation coefficient

of implanting cardioverter defibrillators in ischemic
patients with LGE-detected fibrosis > 10% of LV mass.
In another study, Gao et al. [23] demonstrated that LGE
burden was significantly elevated among both ischemic
cardiomyopathy and dilated cardiomyopathy patients
going on to have appropriate implantable cardioverter-
defibrillator therapy, sudden cardiac death, or cardiac
arrest. Chan et al. [26] showed in HCM that SCD risk
proportionally increased with respect to the extent of
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Table 3 Correlation coefficients and p values for each 3DSTE-
derived LV parameter with CMR-derived parameters

Pearson’s correlation coefficient P value
EDV 0.783 <0.001
ESV 0.856 <0.001
EF 0.902 <0.001
GLS? 0.465 0.001

EDV end-diastolic volumes, ESV end-systolic volumes, EF ejection
fraction, LGE late gadolinium enhancement, GLS global longitudinal
strain, 3DSTE 3D speckle tracking echocardiography, CMR cardiac
magnetic resonance

4GLS was correlated with LGE burden detected by CMR

O,
50 °
-0t
£ 5
N
-
O
250 y=0.31x - 18.86
r=0.465
30F . p =0.0011
0 5 10 15 20 25 30

LGE [%]

Fig. 2 Correlation plot (upper section) comparing 3DSTE GLS and
LGE %. GLS peak global longitudinal strain, LGE late gadolinium
enhancement

LGE, particularly beyond the cut-off of LGE>10%. A
recent meta-analysis [24] systematically reviewed a
number of studies exploring the prognostic predictive
power of LGE in the context of hypertrophic cardiomyo-
pathy including 1063 patients with a mean follow-up of
3.1 years. The presence of LGE was associated with an
elevated risk of cardiac death (pooled odds ratio, OR
2.9) and heart failure death (pooled OR, 5.7).

Although our study population was carefully selected
for LGE to be most likely a marker of myocardial fibro-
sis, LGE is not a univocal marker of fibrosis as it also
detects oedema, inflammation, vascularity and protein
infiltration. Such factors can also be of prognostic value
and they tend to be associated to abnormal strain values
as well. These limitations are further discussed below.

@ Springer

3DST longitudinal strain and LGE-determined
myocardial fibrosis

In pre-3D era, a few studies had shown an association
between 2D-longitudinal segmental strain with areas of
LGE by CMR in particular clinical contexts [16, 17]. In
one study [18] the authors recorded decreased 2DST global
longitudinal strain, even with normal left ventricular sys-
tolic function among children with acute myocarditis. In
another study [19], the authors demonstrated a moder-
ate correlation between the amount of myocardial fibrosis
determined by LGE CMR and peak systolic longitudinal
strain (r=0.538, p=0.007). Myocardial fibrosis (defined
as LGE > 10%) was predicted by abnormal systolic longi-
tudinal strain with a sensitivity of 65% and a specificity of
75% in patients with severe aortic stenosis. In further stud-
ies, 2D speckle-tracking echocardiography has been found
to reflect myocardial viability and extent of necrosis in
ischemic cardiomyopathy [27, 28]. Despite these encour-
aging data, 2D speckle tracking deformation imaging pre-
sented considerable limitations such as time-consuming
acquisition and analysis (2DST, 409471 sec vs 3DST,
145+26 sec) [20], out-of-plane motion of speckles thus
compromising its feasibility in clinical routine.

The advent of 3DSTE together with its standardization
of normal-reference values [18, 19], generated a renewed
interest in exploring speckle-tracking diagnostic capacity
for tissue characterization.

This is the first prospective study investigating the cor-
relation between the extent of myocardial fibrosis (defined
by LGE CMR) and myocardial deformation by 3DSTE in
a heterogeneous population. Our results show a moder-
ate association between abnormal 3DST peak global lon-
gitudinal strain and myocardial fibrosis determined by
LGE (r=0.465, p=0.001), and the greater the extent of
LGE-fibrosis, the more compromised the GLS. The ROC-
related AUC of 0.79 confirms a moderate performance of
the test in detecting LGE-positive area within the myocar-
dium. Similarly, when considering the prognostic cut-off
of LGE>10% of LV mass, GLS has a rather weak posi-
tive predictive value (PPV 69%). These data are in keeping
with the moderate correlation already reported in previous
results comparing 2DSTE vs LGE with AUC ranging from
0.358 to 0.721 [19]. Furthermore, abnormal 3DST peak
longitudinal segmental strain can only moderately localize
the concomitant segmental LGE involvement with about
70% of overlap.

The moderate diagnostic capacity of strain imaging in
detecting and localizing myocardial fibrosis, is to be inter-
preted in the light of the fact that these two methods evalu-
ate different features of myocardial fibres. While strain
analysis studies the myocardial mechanical function (defor-
mation), the LGE roughly mirrors histologic fibrosis in



Int J Cardiovasc Imaging (2017) 33:1351-1360

1357

Jjesje)

Positive Predictive value, % (95% CI)

Negative Predictive value, % (95% CI)

GLS <-15.25 GLS >-15.25

normal abnormal

(nGLS) (aGLS)
Myocardial fibrosis (LGE =10%). n 2 11
No myocardial fibrosis. n 28 S

aGLS

Sensitivity, % (95% CI) 0.846 (0.537 - 0.973)
Specificity, % (95% CI) 0.848 (0.673 - 0.943)

0.687 (0.415- 0.879)

0.933 (0.765-0.988)

Cohen's kappa (x) coeflicient * 0.73

Inferiore

Fig.3 CMR LGE basal, mid-, apical slices (upper section) and
3DSTE segmental strain values reported in Bull’s eye diagram
(lower-left) in the same patient. It is clear the concomitant presence
of abnormal strain values in the segments presenting LGE. The table
(lower-right) provides information about the diagnostic accuracy of

this context. The latter often impairs myocardial function
locally thus causing an abnormal myocardial deformation.
On the other hand, abnormal strain might be due to other
causes than fibrotic degeneration reflecting high afterload,
hypertrophy, diabetes, tobacco use, metabolic impairment
or myocardial stunning. Finally, the association between
3DSTE GLS and LGE is not strong enough to propose
3D echocardiography as an alternative to CMR for tissue
characterization.

Nevertheless, in our study those patients with normal
GLS presented significantly lower LGE burden than those
with abnormal GLS (5.5+3.9% vs 14 +10.1% respectively,
p=0.00385). Accordingly, when considering the prognos-
tic cut-off of >10% (LGE % of LV mass), GLS showed a
high negative predictive value (NPV =93% observed in the
study) as opposed to its modest positive predictive capacity
(PPV =69%). Consequently, these findings offer a potential

abnormal GLS values (aGLS) in detecting LGE-determined myo-
cardial fibrosis. GLS peak global longitudinal strain, LGE late gado-
linium enhancement. *k =Po (observed agreement) — Pe (hypothetical
probability of chance agreement)/1 —Pe

role for 3DSTE echocardiography in ruling out patients
without “prognostically significant” myocardial fibrosis.
However, after these preliminary results, further studies
will be required to validate such role.

Future perspectives in myocardial tissue
characterization

CMR and echocardiography are the best imaging methods
to meet the need for participant safety, lack of radiation,
and non-invasiveness. Traditionally, CMR has been supe-
rior in allowing complete coverage of the heart avoiding
geometric assumptions, but the transition to 3D echocar-
diography has blunted significantly this superiority as 3D
data-sets now encompass the whole heart as well. Never-
theless, CMR is still the gold standard for cardiac tissue
characterization whereas 3D echocardiography does not
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provide sufficient insights in such regard. However, as dem-
onstrated in our study, 3DSTE longitudinal strain is related
to traditional CMR-parameters of tissue characterization
(namely LGE). Theoretically, in resource-limited health-
care systems or areas with limited access to CMR, 3DSTE
has a potential role in targeting CMR-contrast examinations
to patients most likely to benefit from advanced tissue char-
acterization, especially exploiting its high negative predic-
tive value in excluding a prognostically significant LGE
burden. Indeed, a CMR scanner is 4 to 10 times the cost
of a standard high-quality 3D echocardiographic system,
and operating costs are also higher [29, 30]. Furthermore,
in some conditions where myocardial fibrosis is a progres-
sive phenomenon (such as hypertrophic cardiomyopathy)
[31], several CMR examinations may be required to follow-
up the progression of the disease with a consequent further
difference in cost-effectiveness between the 2 techniques.
Feasibility can be an issue with both methods: patients
with poor acoustic window remain challenging for echocar-
diography even if recent studies demonstrate that even in
patients with a limited acoustic window, longitudinal strain
by speckle tracking remains accurate and reproducible [32].
In our study only 2 patients were not enrolled in the study
due to poor echocardiographic window. On the other hand,
claustrophobia and metallic implants affect traditionally
CMR feasibility. Moreover, the patients’ wish of a bed-side
examination, of avoiding intravenous access and the risk of
contrast-agent toxicity make 3DSTE an interesting comple-
mentary tool to CMR for tissue characterization. Finally, in
a recent bi-modality study [20] the average time required
for complete analysis of 3DSTE global strain measure-
ments was significantly shorter (145426 s) compared
with CMR (298+64 s, P<0.01) and 2DSTE (409+71 s,
P <0.01). Nowadays, GLS parameter is easily displayed in
new echocardiography machines thanks to the integrated
strain-softwares without the need of exporting 3D data-set
for external off-line analysis.

In Fig. 4 we propose a diagnostic algorithm for patients
affected by cardiomyopathies when tissue characterization
is to be investigated in the context resource-limited health-
care systems. In real-world individual hospitals, differ-
ent types of imaging tests and expertise may be available;
therefore, the choice of which diagnostic pathway to use
is a result of a balance between accuracy, availability and
cost. Our proposed algorithm is provocatively designed to
express the potential complementary role of 3DSTE and to
stimulate further research in order to assess the accuracy of
3DSTE strain compared with LGE in a larger population
(i.e. testing optimal cut-off values derived by ROCs) and to
encourage development of economic models and cost-effec-
tiveness studies. Notably, our study population is rather het-
erogeneous including mainly hypertrophic cardiomyopa-
thy, dilated cardiomyopathy, myocardial-infarction-related
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Fig. 4 Proposed diagnostic algorithm for patients affected by cardio-
myopathies when tissue characterization is to be investigated. This
algorithm could be ideally applied in resource-limited healthcare sys-
tems or in areas with limited access to CMR, after being confirmed in
larger accuracy and cost-effectiveness studies. *Proportion of patients
excluded from this study. Data could vary significantly in larger stud-
ies. **Data derived from this study in predicting LGE > 10% (prog-
nostic threshold). Data could vary significantly in larger studies

scarring and convalescent myocarditis. Such heterogeneity
certainly supports the potential role of 3DSTE Longitudi-
nal Strain in the assessment of fibrosis in a wide spectrum
of cardiomyopathies, but, theoretically, the different LV
mechanics and geometry in such distinct conditions may
significantly affect the measurements of GLS regardless of
fibrosis.

Limitations

This study presents some general limitations including the
lack of detailed clinical information and parameters, the
arbitrarily set grey-scale value of 5 SDs above the mean
signal intensity of normal nulled myocardium for LGE
and all the limitations of 3DSTE (most importantly the
low temporal resolution). Furthermore, the comparison of
abnormal segmental strain with concomitant segmental
LGE involvement is limited by the necessity of slice-posi-
tion matching, which is obviously difficult to obtain with
two different imaging modalities. However, this limitation
does not apply to GLS as it averages the strain values of all
the LV slices acquired in the 3D data-set.

The major limitation of this study is that LGE is not
a univocal marker of fibrosis as it also detects oedema
and inflammation within the myocardium. Neverthe-
less, our population of chronic patients was selected in
order to exclude patients with acute myocardial damage;
therefore LGE can be reasonably interpreted as myocar-
dial fibrosis in most cases. In this regard, the diagnosis
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of “convalescent myocarditis” was made when there was
evidence of LGE with normalization of T2-signal (a sign
accounting for oedema) as previously proposed, but not
all patients underwent an endomyocardial biopsy and no
record has been kept for this study. However, even in a
chronic setting of cardiomyopathies, LGE should not
be considered an unequivocal marker of fibrosis and this
is exemplified by the global subendocardial involvement
in amyloid where interstitial water is sometimes associ-
ated with amyloid fibrils rather than fibrosis [33]. Nev-
ertheless, in our study population no patient is affected
by cardiac amyloidosis and the remaining population is
likely to present fibrosis within the myocardial tissue (e.i.
infarct-related scarring, convalescent myocarditis, dilated
and hypertrophic cardiomyopathies represent 90% of the
total population).

Another possible limitation is the complex relation
between strain and the heterogeneous LGE patterns in
our study population (subendocardial vs mid wall vs sub-
epicardial). Theoretically, LV longitudinal strain might
be predominantly affected by subendocardial scarring
and data about the relation between myocardial scar
distribution and the layer-dependent multidimensional
LV mechanics are limited. Nevertheless, a recent study
[34] showed that 2D Speckle Tracking Longitudinal
Strains are attenuated regardless of myocardial scar loca-
tion. In particular, 59 patients with evidence of myocar-
dial fibrosis on contrast-enhanced magnetic resonance
imaging underwent speckle tracking echocardiography
for measuring subendocardial, midmyocardial, and sube-
picardial strains in longitudinal direction and the authors
concluded clearly that 2D Speckle Tracking Longitudinal
Strains are attenuated independent of myocardial scar
location.

Conclusion

This prospective study shows a moderate association
between the burden of myocardial fibrosis determined by
LGE and myocardial longitudinal deformation by 3DSTE
in a heterogeneous study population. These data suggest
that 3DSTE, beyond being a standardized tool for LV vol-
umes and EF, has a potential diagnostic role especially in
ruling out patients with prognostically relevant fibrosis as
detected by LGE.
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