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Aims: Left ventricular (LV) volumes estimated using three-dimensional echocardiography
(8D-echo) have been reported to be smaller than those measured using cardiac magnetic
resonance (CMR) imaging, but the underlying causes are not well-understood. We
investigated differences in regional LV anatomy derived from these modalities and related
subsequent findings to image characteristics.

Methods and Results: Seventy participants (18 patients and 52 healthy participants)
were imaged with 3D-echo and CMR (<1h apart). Three-dimensional left ventricular
models were constructed at end-diastole (ED) and end-systole (ES) from both modalities
using previously validated software, enabling the fusion of CMR with 3D-echo by
rigid registration. Regional differences were evaluated as mean surface distances for
each of the 17 American Heart Association segments, and by comparing contours
superimposed on images from each modality. In comparison to CMR-derived models,
3D-echo models underestimated LV end-diastolic volume (EDV) by —16 4+ 22, —1 4+ 25,
and —18 £ 24 ml across three independent analysis methods. Average surface distance
errors were largest in the basal-anterolateral segment (11-15mm) and smallest in the
mid-inferoseptal segment (6 mm). Larger errors were associated with signal dropout in
anterior regions and the appearance of trabeculae at the lateral wall.

Conclusions: Fusion of CMR and 3D-echo provides insight into the causes of volume
underestimation by 3D-echo. Systematic signal dropout and differences in appearances
of trabeculae lead to discrepancies in the delineation of LV geometry at anterior and
lateral regions. A better understanding of error sources across modalities may improve
correlation of clinical indices between 3D-echo and CMR.
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Zhao et al. Systematic Comparison of 3D-Echo and CMR

TABLE 1 | Differences in global LV indices (3D-echo-CMR, presented as mean =+ SD) across 70 subjects for each 3D-echo segmentation tool compared to CMR-derived
values with corresponding intraclass correlation coefficients (ICC).

CMR TOMTEC EchoBuildR BEAS

Difference ICC Difference ICC Difference ICC
EDV (ml) 150 + 36 —16 £ 22* 0.878 —11 + 25* 0.851 —18 + 24* 0.831
EDVI (ml/m?) 80+ 16 -8+ 12* 0.831 -6+ 13* 0.778 —-10+£13* 0.736
ESV (ml) 56 + 21 -2+ 14 0.880 —1+15 0.845 9+ 18* 0.771
ESVI (ml/m?) 30 + 11 147 0.873 0+8 0.832 549" 0.753
EF (%) 63 + 6 —3+6° N/A -3+ 6* N/A —12 £ 8* N/A
LVM (g) 135 + 41 /A —1+28 0.841 —13 + 38* 0.667
LVMI (g/m?) 71+18 0+ 15 0.728 —7 +21* 0.420

Asterisks (*) indicate statistically significant differences between 3D-echo and CMR. (Note that ICCs were not calculated for EF as it is derived from EDV and ESV, and is not a
direct measurement).

FIGURE 4 | Regional surface distances (for the endocardium and epicardium) between corresponding 3D-echo and CMR models across n = 70 subjects, at ED and
ES. Numbers represent mean surface distances in mm.
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FIGURE 5 | Maximum intensity projections of short- (left) and long- (right) axis views of an example 3D-echo image volume from a healthy participant, showing
typical dropout on the anterior surface. Arrows indicate regions of high signal (a) and low signal or dropout (b). ANT, anterior; LAT, lateral; SEP, septal; INF, inferior.

ED ES

CMR

TOMTEC EchoBuildR

BEAS

FIGURE 6 | Short-axis CMR slice and corresponding resliced 3D-echo image at end-diastole (ED) and end-systole (ES) for a patient with hypertrophied myocardium.
Top row shows endocardial (ENDO) contours, and bottom row shows epicardial (EPI) contours derived using each method indicated in the legend. ANT, anterior; LAT,
lateral; SEP, septal; INF, inferior.

ventricular myocardium, resulting in the inadvertent exclusion  as slight shadows, which could be distinguished from the
of hypertrophied myocardium from the chosen FOV. myocardium. This distinction was less apparent on 3D-echo,

In the long-axis views, further discrepancies between 3D-  leading to the illusion of a foreshortened apex. In addition to the
echo and CMR myocardial contours were noted near the apex  absence of a clear apical endocardium, the apical epicardium was
(Figure 7). On CMR images, apical trabeculations appeared  also obscured by its proximity to the thoracic wall. It was further

Frontiers in Cardiovascular Medicine | www.frontiersin.org 7 September 2021 | Volume 8 | Article 728205


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Zhao et al.

Systematic Comparison of 3D-Echo and CMR

CMR TOMTEC

FIGURE 7 | Four-chamber long-axis views by CMR and resliced 3D-echo from a healthy participant, at end-diastole (ED) and end-systole (ES). Top row indicates (with
arrows) positions and appearances of apical trabeculations in each modality. Middle row shows endocardial (ENDO) contours, and bottom row shows epicardial (EPI)
contours derived using each method indicated in the legend. ANT, anterior; LAT, lateral; SEP, septal; INF, inferior.

EchoBuildR

BEAS

observed that the LV cavity on 3D-echo appeared to be under-
segmented at the inferior septum despite (and perhaps in part
due to) the particularly bright signal, albeit to a lesser extent than
that observed at the inferolateral wall.

At ES, there were larger variations between the endocardial
surfaces generated using the three 3D-echo segmentation
methods, although underestimation at the apex was still typically
observed. Visually, there was no clear trend as to whether 3D-
echo analyses were more likely to over or under-segment the LV
cavity at ES.

Reproducibility of 3D-Echo Models Across

Software Tools

Intraclass correlation coefficients (as defined in section Statistics)
were calculated to assess the reproducibility of LV models derived
from 3D-echo using the TOMTEC, EchoBuildR, and BEAS
methods. We found an ICC of 0.955 for global EDV; an ICC

of 0.921 for ESV; and an ICC of 0.703 for LVM. This was
supplemented by a combined Bland-Altman analysis of EDV
and ESV (see Supplementary Figure 1), where the bias and 95%
limits of agreement were calculated using the differences from
each of the three methods to the mean of the measurements
for each subject. Using this method, symmetric limits of
agreement were £ 22ml for EDV and £+ 16 ml for ESV. The
methods with the largest bias from the mean measurements were
EchoBuildR for EDV (bias of 4 ml) and TOMTEC for ESV (bias
of 7 ml).

Inter-observer Variability for 3D-Echo and

CMR Measurements

To account for inter-observer variability associated with each
modality, ICCs were calculated for EDV and ESV between two
observers, each on CMR and 3D-echo (TOMTEC). For CMR,
the inter-observer ICC was 0.991 for EDV and 0.965 for ESV.

Frontiers in Cardiovascular Medicine | www.frontiersin.org

September 2021 | Volume 8 | Article 728205


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Zhao et al.

Systematic Comparison of 3D-Echo and CMR

In comparison, lower correlation scores were found for 3D-echo,
with an inter-observer ICC of 0.872 for EDV and 0.803 for ESV.

Bland-Altman analyses were performed to determine the
limits of agreement for EDV and ESV between Experts A and
B using CIM for CMR and between Experts A and C using
TOMTEC for 3D-echo (Figure 8).

DISCUSSION

This study used multi-modality image fusion to investigate
regional differences in LV geometry between 3D-echo and
CMR. EDV was underestimated in 3D-echo, with the greatest
differences in the anterolateral regions and the smallest
differences in the inferoseptal regions. These differences were
matched by regional heterogeneity in relative signal intensity and
differences in the appearances of trabeculae.

Although there is a consensus that 3D-echo underestimates
LV volume when compared to CMR (5), there remain
large discrepancies between the magnitude of reported
underestimations (expressed as mean =+ 2 SD), ranging
from —4 £ 43ml (18) to —41 + 37ml (19) for EDV, and 0 +
33ml (18) to —34 £ 45ml (20) for ESV. In this study group of
70 mixed subjects, the equivalent biases for EDV (—11 £ 50 ml
to —18 4= 48 ml) and ESV (—1 4 30 to —9 =+ 36 ml) are within
the ranges of those previously reported. For the semi-automatic

methods (TOMTEC and EchoBuildR), volume underestimation
was larger at ED than ES (as there were significant differences
in EDV and not in ESV). From our own observations, as well
as those described in the literature, trabeculations visible at
ED are generally more difficult to differentiate from compact
myocardium at ES when imaged by CMR (21, 22). Rather
than an improved performance in 3D-echo analysis at ES, it
seems more likely that ESV is underestimated using CMR due
to inconsistency in analysis whereby trabeculae are included
in the LV cavity at ED but subsequently excluded at ES. Such
discrepancies in EDV and ESV are further propagated in terms
of EF, which may consequently alter borderline functional
diagnoses and eligibility for certain therapies. Indeed, statistically
significant differences in EF were found between CMR and
3D-echo for all three analysis methods investigated in this
study (Table1). In contrast to EchoBuildR and TOMTEC,
fully automatic methods such as BEAS are susceptible to
failures (e.g., incorrect border detection) on edge cases, which
potentially result in large volumetric errors and underperform
semi-automatic methods. Nevertheless, correlation with CMR is
expected to improve with manual verification and corrections in
such circumstances.

We observed a systematic signal dropout during 3D-echo
acquisition and subsequently found that on average, image
regions corresponding to the inferior LV wall exhibited 74%
brighter signal relative to image regions spanning the anterior
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wall. As a result, this may limit the accuracy of regional analyses
(such as segmental strain, regional thickness or mass, and
regional motion) for which the anterior aspect of the LV is
concerned. This heterogeneity may be partly due to the anterior
wall being most parallel to the ultrasound beam (in keeping
with standard apical probe positioning), thus yielding poorer
reflection. Previous studies have found similar patterns, resulting
in the inferior RV insertion point assigned as the preferred
landmark for short-axis LV orientation in 3D-echo (23). There
are two potential approaches to redress the common anterior
signal dropout. First, the functionality of 3D ultrasound systems
during acquisition could be enhanced by applying spatially
variable or adaptive gain in the direction of common dropout
regions (to avoid over-gaining of the entire image). Second, post-
processing in the analysis of such regions could be informed
using a statistical shape template (14). In the absence of the
proposed solutions above, it may be sensible to assume that a
missing regional wall segment lies parallel to the ultrasound beam
(as it is likely this configuration that elicits the dropout). While
the implementations of these solutions are beyond the scope of
the present study, future experiments may benefit from such
solutions to achieve a higher degree of confidence when analyzing
the anterior LV regions.

Trabeculae present on the LV lateral wall typically obscured
the visibility of the endocardial boundary. Our analysis revealed
that surface distances between the CMR and 3D-echo derived
models were the largest in AHA segments 6 and 12 (on the
anterolateral side), with average differences of up to 13mm
at the endocardium and 15mm at the epicardium at ED.
Quantitatively, the spatial distributions of surface distances for
the 17 AHA regions were relatively consistent across the different
methods for 3D-echo analysis (Figure 4), regardless of whether
or not manual intervention was involved in the analysis.

Although there was generally high signal at the septal and
inferior surfaces, under-segmentation of the LV cavity was
still observed. One explanation is the relatively poor lateral
resolution on 3D-echo (which further decreases toward the base),
causing an apparent blurring between the myocardium and
blood pool. This subsequently produced the appearance of a
smaller cavity following the reconstruction of beamlines into a
3D cartesian image.

While it was not practical to isolate the individual factors (i.e.,
acquisition parameters and patient-specific acoustic properties)
that affect 3D-echo image formation, we identified key features
pertaining to differences between 3D-echo and CMR by a
qualitative comparison of images. Typically, it is more difficult to
visually distinguish between trabeculations and regular compact
myocardium on 3D-echo than CMR. In most cases, the result is
the misleading appearance of a reduced cavity volume (Figures 6,
7). While apical foreshortening can be mitigated in terms of
acquisition by the transition from 2D to 3D imaging, our results
show that this is not necessarily the case during analysis. In
terms of the manual analysis of 3D-echo, agreement with CMR
can be improved by using embedded models derived from
corresponding CMR images (such as those produced in this
study) during operator training. This enables the operator to
become familiarize with the appearances of a reduced cavity

volume resulting from low resolution 3D-echo by providing an
objective reference, rather than relying on other human expertise,
which may be subject to similar visual biases. For automatic
solutions (as is the case for BEAS), algorithms may be refined to
better correlate with CMR volumes by adjusting edge-detectors
(e.g., gradient filters) such that resultant surfaces lie closer to the
bright mid-myocardium.

It is well-established that both inter-observer variability and
inter-software variability in 3D-echo analysis have significant
effects on LV volumetric indices (24). In contrast to a previous
study (25), our inter-observer variability was larger than inter-
software variability, i.e., segmentations produced by the same
observer using different software tools exhibited better agreement
(higher ICC values, with a lower bias and narrower limits of
agreement) than different observers using the same software.
The observer with expertise in the analysis of both CMR and
3D-echo (Expert A) produced results with higher agreement
between CMR and 3D-echo than the observer who had expertise
in 3D-echo analysis alone (Expert C). Again, this suggests
that operator training using both modalities could help reduce
discrepancies between CMR and 3D-echo. Furthermore, image
fusion provides a direct visual link between the two modalities to
better understand discrepancies at the image level.

The higher agreement observed between the LV volumes
estimated using the different software packages (ICC > 0.9 for
EDV and ESV), compared to that of LVM (ICC = 0.7), may have
been partly due to software-specific volume rendering, which
enhances the contrast between myocardium and blood pool, but
decreases the identifiability of the epicardium. For this reason, the
epicardial contour is typically set at a predefined radial distance
from the endocardium in several 3D-echo analysis software
packages (including EchoBuildR). This may bias the user when
performing manual corrections, which becomes problematic in
cases where the wall thickness is atypical (e.g., in hypertrophy)
or asymmetric. Further advances in image quality are needed to
improve agreement between 3D-echo analysis methods, as well
as their correlation with CMR in terms of LVM.

Presently, as regional comparisons have been carried out for
ED and ES geometries only, future analyses comparing CMR and
3D-echo across the entire heart cycle may provide an increased
understanding of differences in regional motion.

Study Limitations

Comparisons were carried out under the assumption that
LV geometry is inherently identical under both CMR and
3D-echo, able to be rigidly aligned between acquisitions.
Although multi-modal imaging was performed with minimal
time between scans, images were nevertheless acquired at
different instances, subject to physiological variability. Therefore,
it may be more appropriate to register the images using a non-
rigid transformation to account for the different body positions
during CMR (supine) and 3D-echo (lateral).

The real-time (as opposed to gated) acquisition protocol used
for 3D-echo was selected with region-specific modeling in mind,
which can be complicated by the presence of stitching artifacts.
In practice, gated acquisitions are more typically used for global
volumetric assessment to maximize the spatial resolution for
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analysis, which consequently remains a trade-off in this study.
The inclusion of additional ultrasound vendors as well as 3D-
echo acquisition protocols may also enhance the generalizability
of our findings.

Finally, the studied subjects consisted of a large proportion of
healthy participants. Outcomes from this study may, therefore,
need to be adjusted when analyzing purely clinical cases.

CLINICAL IMPLICATIONS

For use of 3D-echo in a clinical context, care should be
taken during both acquisition (to ensure an adequate FOV)
and image analysis to avoid under-segmentation of the LV
cavity or myocardium at anterior and lateral regions due to
susceptibility to signal dropout and misleading appearances
of trabeculae. Accordingly, clinical measurements pertaining
to these regions, such as segmental strain or wall thickness,
should also be interpreted with caution. Continuing research
remains important to optimize the quantification of LV structure
and function using 3D-echo, which will improve accuracy of
echocardiographic assessment of the LV and serial measurements
where needed.
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