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Abstract

In a review encompassing 18single- and multi-centre studies comparing
echocardiography with magneticresonance imaging, it was determined that three-
dimensional echocardiography has greatly improved the calculation of left
ventricular (LV) volumes. However, there is still a systematic underestimation of
volume measurements, and experimental studies have yetto be performed. This
projectsoughtto assessthe accuracy of current semi-automaticcontourfinding
algorithms using an anatomically correct dynamicheart phantom. The contour
algorithmresulted in an underestimation of up to 31% of the true volume. With
manual correction thisreduced to 21%. None of the semi-automaticcontours
followed completely the true ventricular border. The manual method of discs (MOD)
techniqgue was proposed as amethod which may improve accuracy in patients with
asymmetricventricles; the largest difference was 9% of the true volume. Therefore,
while currently available LV contouring algorithms further underestimate volumesin

asymmetrical chambers, MOD s an accurate alternative.
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1 Introduction to Echocardiographic Assessment of Left Ventricular Function:
Ejection Fraction and Volume Calculations

Leftventricular ejection fraction (LVEF) is currently one of the mostvalued and
validated tools fordetermining patient outcome in cardiology (1). Thereisstrong
evidence associatingadecline in ejection fraction with anincrease in mortality (2).
Since LVEF guides treatment options for people both with a clinical diagnosis of
heartdisease and without (such as those referred for chemotherapy), accurate LVEF
calculations are of critical prognosticimportance (3). The formulafor calculating left

ventricular ejection fractionis:

LVEF = E2V=EY o 100
EDV

where EDV is end-diastolicvolumeand ESV is end-systolicvolume.

In otherwords, LVEF is equal to stroke volume as a percentage of EDV. It is clear that
accurate volume calculations are paramount to an accurate ejection fraction.
Furthermore, volume measurements have been reported to be important diagnostic
indicators of such diseases as dilated cardiomyopathy, indicated by volumes

exceedingthat of the normal range (4,5).

A normal leftventricle (LV) has an ellipsoid shape (6). This known geometry has been
used to devise many methods of volume calculation by echocardiography, each with

varying degrees of accuracy (7).

With the firstechocardiography scanners, when only diameters of the cavities could
be measured, Quinones, Dumesnil, Baran and Nanda and Teichholz methods were
used (8-11). These diameter measurements using M-mode, and later two-
dimensional (2D) echocardiograms, allowed LV volumes and LVEF to be calculated by
different formulas assuming an ellipsoid shaped ventricle. While innovative at the
time, the Quinones method, forexample, could not adapt to otherLV morphologies.
Due to thisand other proveninaccuraciesin ventricles with abnormal shapes and
regional wall motion abnormalities, these methods are not recommended anymore

by the American and European Societies of Echocardiography (4,5).
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2  Current Echocardiographic Methods for Assessment of Left Ventricular
Function

There are currently three methods of left ventricular (LV) function assessment
recommended by the American and European governing bodies for
echocardiography: two-dimensional echocardiography (2D ECHO), contrast 2D
ECHO, and three-dimensional echocardiography (3D ECHO). Furthermore, afourth
method exists, contrast 3D ECHO, which requires alargerevidence base before it

will be introduced into common echocardiographic practice (Table 2.1).

2.1 Two-Dimensional Echocardiography

2D ECHO isachieved usinga phased array transducer that transmits an ultrasound
beam that sweepsacross a sector; the same beamalso receives ultrasound signals
from backscattering. The sector width can be modified by the e chocardiographer,
however, the default widthis90degrees (1). The ultrasound image is achieved by
transformingthe received ultrasound signalsinto video signals where brightness
displays the amplitude (2). The phased array transducer achieves this viaan array of
piezoelectriccrystals that vibrate and generate an acousticsignal when electrical
energyisappliedtothem. 2D ECHO provides multiple cross section views of the
heart. 2D ECHO LV volume calculations are performed ontwo orthogonal views, the
fourchamber (4CV) and the two chamber (2CV) views (Fig. 2.1). In orderto obtain
the 4CV and 2CV, the echocardiographer places the probe onthe area of the chest
where the apex of the heart can be felt. These views are at 90 degrees of transducer
rotationto each otherand provide 2D assessment of the septal, lateral, apical and
basal territoriesinthe 4CV and anterior, inferior, apical and basal territoriesin the

2CV.
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Figure 2.1 Comparison of apical fourchamber(a) and apical two chamber (b) views
of the leftventriclein ahuman study. Image cited from the Atlas of
Echocardiography, Yale University (3).

The method for calculating LV volume recommended by the American Society of
Echocardiography and European Association of Echocardiography is the Simpson’s

biplane method (or method of discs, or modified Simpsons rule) (4,5). This method



calculates volume based on the sum of 20 stacked discs each of which has a volume
determined by manually delineated borders and an assumed ellipsoid shape of the
ventricle (Fig 2.2). The Simpson’s biplaneformula allows foran integrated
calculation of volumes from both the 4CV and 2CV, reducing the amount of

geometrical assumption performed by the calculation toa minorextent.

The formulais:
T <20 L
V==Y a:68;: —
4 Zl—l l.BL 20

where a;and B; are the diameters of the discsinthe 4CV and 2CV, respectively, 20is
the numberof discsin each 2D stack, and L isthe longestventricularlength of the

twoviews (6).

The area is delineated by the useralongthe endocardial border of the ventricle,
including the papillary muscles (4,5) (Fig. 2.2). This differs from magneticresonance
imaging where the papillary muscles are excluded from the total volume calculated
(7).In orderto obtainthe volumes fromthe 2CV and 4CVs, the operator has to trace
the border of the myocardium to the cavity (Fig. 2.3). The two orthogonal views for
measurement of the LV volumes have to cut through the apex and the ring of the
mitral valve. Thisis a source for potential errors asthe echocardiographers have to
find the longest axis of the LV in each view by moving the ultrasound transducer

across the chest (4,5).



Figure 2.2 lllustration representing the principle of the Simpson's biplane method of
discstechnique where atwo-dimensional tracing assumes an ellipsoid shape. Image
citedfrom 123sonography.com (8).

Figure 2.3 Two-dimensional echocardiography apical fourchamberview of the left
ventricle used for Simpson’s biplane measurement for volume calculation.



Table 2.1 Advantages and limitations of echocardiographictechniques used forventricularfunctional assessment

Assessment Geometrical Advantages Limitations

Type Assumption

Linear M mode Yes e Quick and easy to perform e Assumes an ellipsoid shaped ventricle
e Needs perpendicular parasternal imaging
e Depends on acoustic window
¢ Therefore least accurate method
2D Simpson’s Yes e More accurate and reproducible than M e Assumes an ellipsoid shaped ventricle
biplane mode. * Needs unforeshortened orthogonal views
e Depends on acoustic window and operator experience

e Endocardium often not fully visualised in a single frame
used for manual tracing.

2D Simpson’s Yes s More accurate and reproducible than 2D e As 2D; but less susceptible to poor image quality
Contrast biplane e Less susceptible to poor image quality
3D Biplane Simpson’s Yes e 2 orthogonal planes from the same beat ¢ Assumes an ellipsoid shaped ventricle.

biplane e Avoids off-axis views and foreshortening e Depends on acoustic window and operator experience

e  Full volume recordings require stable heart rhythm and
breath hold (usually 4 beats) otherwise stitching artefacts

e Real-time acquisition reduces image quality

e Lower spatial and temporal resolution than 2D

3D Voxel count Partial e Avoids off-axis views and foreshortening e Depends on acoustic window and operator experience
e Automatic border delineation following e Full volume recordings require stable heart rhythm and
minimal landmark allocations breath hold (usually 4 beats) otherwise stitching artefacts
e More accurate than 2D and 3D biplane e Real-time acquisition reduces image quality

e Lower spatial and temporal resolution than 2D
e Has problems fitting to some abnormal LV shapes (i.e.
apical infarcts)

3D Voxel count Partial e Best agreement with CMR and CT e Few studies available
Contrast angiography e Artefacts from apical contrast destruction and
attenuation

e Lowest spatial and temporal resolution
¢ Not all software packages can perform LV assessment
with the addition of contrast

LV = left ventricle; 2D = two-dimensional; 3D = three-dimensional; CMR = cardiac magnetic resonance imaging; CT = computed
tomography



2.2 Two-Dimensional Contrast Echocardiography

Echocardiography has limitations which affectits accuracy and reproducibility. In any
diagnosticultrasoundimage, quality can be significantly limited by the attenuation
of the sendingand receiving signals. In echocardiography, this can manifestasan
inability to accurately delineate the endocardial border, or, more severely, as a
complete absence of one of the ventricularwalls (9,10) (Fig. 2.4). These attenuation
effectsare largely due tothe air in the lungs and bone reflection (ribs) (2). The first
causes a reductioninimage clarity and quality, whereas the second causes

shadowingoverthose structures thatlay behind the rib bone.

Ultrasound contrast agents have been developed to enhance the signal intensity and
guality of the internal ventricular chamberblood volume against that of the
myocardium. Thus, instead of identifying the endocardial border by muscle

definition, the borderis enhanced by the opacified blood in the chamber.

The method for volume and ejection fraction calculation with this imaging technique
remains Simpson’s biplane method, with the same methodology as standard 2D

ECHO.

Figure 2.4 Example of a patient with apoor acousticwindow inthe four chamber
view using noncontrast two-dimensional echocardiography (a). The patientis
injected with amicrobubble contrast agent enhancingleft ventricular opacification
significantly, allowing easy identification of the left ventiruclar endocardial border
for volume calculation (b).



When ultrasound contrast agents are used, the transmit power that the
echocardiography scan heads deliver can be reduced. Underthese conditions, the
signals from heart structures such as the myocardium get weaker (=look darker, see
Fig. 2.4b). The contrast in the cavity causes bright echoes, because the microbubbles
resonate inthe soundfield when transmit powerislow. The only disadvantage
associated with contrast enhanced left ventricular opacificationis that the strong
sound scattersin the proximal image can affect the identification of basal segments

inthe distal image, in particular, the mitral annulus (10).
2.3 Three-Dimensional Echocardiography

The most promising advancementin ultrasound forLV function assessmentin recent
years has certainly been that of the development of 3D ECHO. The principle of this
technique allows foravolume to be acquired instead of the multiple 2D planes
requiredto cognitively approximatethe shape of the ventricular chamber by the
reading physician. The matrix array transducer, which allows for the acquisition of a
3D dataset, transmits from multiple lines crystals (3000 total crystals on the
transducerhead) instead of with asingle array of crystals (as with the 2D phase

array transducer) (11) (Fig. 2.5 & 2.6).

The acquired 3D ECHO image isviewed via three two-dimensional planes (two
orthogonal long axis views and a short axis view). The analysis software allows the
userto steerthrough each plane and visualise any structure of interest within the
dataset. For volume calculations, this requires optimal alignment of the orthogonal
long axisviews so that foreshorteningand volume inaccuracy is avoided (12) (Fig.

2.7).
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Figure 2.5 Image depicting the dispersion of ultrasound beams in atwo-dimensional
(a) and three-dimensional (b) transducer. Images sourced from the Philips
Ultrasound website:

http://www.healthcare.philips.com/us_en/products/ultrasound/technologies/xmatrix.wpd (13).

2013/01/081:27.04PM
Mazankowski Heart 17

VR 22Hz
14cm

Full Volume
3D 45%
3D 60dB

Figure 2.6 Example of a three-dimensional pyramidal ultrasound volume containing
the entire structure of the heart within.
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Figure 2.7 Example of the Philips QLAB quad screen displaying the three -dimensional
ultrasound dataset of an adult patient. The red, blue and green axes, when rotated,
allow viewing of the data.

With all the benefits that 3D ECHO adds to diagnosticcardiology, it has one large
limitation—the image qualityis notas high as that of its 2D counterpart. Thisis
observedin both spatial (the ability to distinguish between two points) and temporal
(the amount of information recorded overtime) resolution. In order to counteract
this limitation, the manufacturers of 3D ultrasound machines have designed a
strategy that involves “stitching” together two or more (usually 4) subvolumes of
ultrasound datasets (Fig. 2.8). This works because asmallersector of ultrasound
transmission usesthe same numberof scanlinestoimage asmallerarea, increasing
the amount of informationinthe sector. The recorded image of the first sectoris
played onaloop while the transducertransmits ultrasound to send and receive the
second sector; usually foursectors are stitched together (12). Unfortunately,
coupled with this method forimprovingimage quality is anotherlimitation related
to movement of the patientortransducer. If the patient ortransducer moves during
image acquisition, then the stitched information will not line up correctly with the

previous subvolume loops, and a “stitch” artefact will occur (12). In order to record
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the entire LV in real-time, the ultrasound pyramidalvolumetransmitted and

received needsto covera sectorof 90 degrees.

FR 20Hz 3D Beats 4Q
17cm

3D

3D 45%
3D 60dB
HPen

N

Figure 2.8 Image demonstrating the “stitching” of severalultrasound subvolumes,
which allows a highertemporal resolution without loss of spatial resolution. Two of
the four subvolumes being stitched togetherare evident on the right hand view.

In orderto obtainvolumes from 3D datasets several methods have been
established: 1. application of the Simpson’s biplane method is still available,
implemented on two optimally aligned long axis views of a 3D dataset (Fig2.9); 2. a
true volumetricmethod whichisalsoinitiated by borderidentificationintwo long
axisviewsfroma3D dataset (Fig2.10); 3. and a 3D method of discs, which applies
manual tracing of a stack of multiple short axis planes —similarto the technique
used in magneticresonance imaging (Fig2.11). The most frequently used method for
volume calculation has been the volumetric method, which, along with the semi-
automaticcalculation of end-diastolicand end-systolicvolumes, generates avolume
curve of the entire cardiaccycle (12). The volumes are calculated by counting the
amount of voxels (known volume) within the contoured chambers givinga true 3D
volume calculation. These algorithms have been demonstrated to be the most
accurate and reproducible ultrasound technigues in comparison with the current
reference standard cardiac magneticresonance imaging (CMR) (12,14). The manual
method of discs technique utilises the same methodology asin CMR, whereby the LV

isslicedinto 16 discs with the 3D dataset allowing direct area tracing of the short
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axis slices—the individual short axis volumes are calculated and summed to give the

total chambervolume.

Figure 2.9 Snapshot of the Simpson’s biplane method performed on a three-
dimensional dataset. Depth 15cm. Volume rate 20Hz.

Figure 2.10 Snapshot of the true volumetricmethod whereby the useridentifies the
borderthrough markerplacements, and the volume is calculated automatically
through voxel counting. Depth 15cm. Volume rate 20Hz.
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Figure 2.11 Snapshot of the manual method of discs volume measurement
technique whereby the three-dimensional left ventricular cavity issliced into 16
discs allowing fordirect manual tracing of the short axis slices — the total volume
equalling the sum of the volume of the individual discs. Note that the individual disc
volumes cannot be calculated by the software and must be performed manually.
Depth 15cm. Volume rate 20Hz.

2.4 Three-Dimensional Contrast Echocardiography

Three-dimensional contrast echocardiography incorporates the use of full volume
3D ECHO image acquisition with a contrast agentinfusion forimproved left
ventricular opacification (Fig. 2.12). The combination of these two technologies have
so far reported to correlate less than that of native 3D ECHO, most likely due tothe
lower frame-rates and higherstitching artefacts (15). These are likely because the 3D
protocols have not been designed towards contrastimaging, and the lower power
outputs required would cause the lower temporal resolutions. One promising
potential advantage for contrast administration would be during the manual method
of discstechnique. The improved border delineation that contrast would offer
should onlyimprove the accuracy and reproducibility of the method further,
presumably bringing it close toa reference method. Furthermore, forthose users
who choose to adopt the Simpson’s biplane method in the 3D datasets, contrast
should alsoimprove borderdelineation, increasing the accuracy of this method

withoutthe potential forchamberforeshortening. However, there is stilla
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decreased ability toidentify the mitral annulus, making delineation of the basal

territory more difficult.

Figure 2.12 Snapshot of a three-dimensional contrast ultrasound image. Note the
difficulty inidentifying the mitral annulus. The volume rate for thisimage was 12Hz.
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3  Echocardiography Methods for Left Ventricular Assessment: A Review of the
Literature

Assessment of left ventricular (LV) function and volumes is the cornerstone of
cardiac diagnostics (1). Several imaging methods are in clinical practice, and one
would assume thatthese methods would providethe same results. In practice,
however, if the same patient with stable conditions is investigated with different
methods, different results are obtained, which may have animpact on patient
management. This review gives an overview on comparative studies between
echocardiographicmodalities and cardiac magneticresonance imaging (CMR) which
isregarded as the reference method for LV volumes and ejection fraction (LVEF) (2).
It will coverthe normal values, comparative studies with CMR and a critical
assessment of the reproducibility data. Arecent paper by Dorosz et al . has provided
an extensive overview and a meta-analysis on studies comparing 2Dand 3D
echocardiography with CMR (3). This review is complimentary asitincludes contrast
echocardiography and provides a more comprehensive section on reproducibility,

which has a majorimpact forclinical use.

3.1 Reviewof the Literature: Methods

3.1.1 Normal Values

Normal values were selected from the guideline papers of the echocardiographic
and radiological scientificsocieties or from articles which established the normal
values. Particularimportance is placed onthe lower limits of LVEF, as these are
clinical indicators forleft ventricularimpairment. The reference values are based on

studiesinvolving cohorts as low as 60 patients ranging up to 1200 (4-15).
3.1.2 Echocardiographic Techniques versus Magnetic Resonance Imaging

A PubMed review was carried out —including 18 studies, encompassing 1299
patients—comparing studies which included patients with abnormal LV function.
Unlike the Dorosz paper, this review had aninclusion criterion of 30 patients per
study and included contrast echocardiography as well as several more recent
investigations in which Bland-Altman (BA) analysis was used as the method of
calculatingagreement with CMRin different patient groups (3). Inthese studies,

both patients with normal and abnormal hearts were included. Inabnormal hearts,
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the differences between the differentimaging methods may become even more

relevant.

BA analysis provides two parameters which allow to assess the agreement between
different methods that measure the same parameter —bias and limits of agreement
(LOA). Bias means the measurements with a specificechocardiographictechnique
are systematically different from the CMR measurements, which are regarded as the
reference standard. A bias can be positive (=overestimation compared tothe CMR
measurements) or negative (=underestimation compared to the CMR
measurements). Forexample, a bias of 5% means thatthe echocardiographic
method overestimates the CMR measurements on an average by 5%. The limits of
agreement (LOA) represent the degree of accuracy between the echocardiographic
measurements and the CMR measurements. The LOA are calculated by 2 (or 1.96)
standard deviations (SD) of the differences and covers the range of values which
includes 95% of all the differences between the echocardiographicand CMR
measurements. Forexample, with abias of —5% and 2 SD = 10%, the range is-15 to
+5%. The smallerthe LOA range the betteris the echocardiographicmethod when
compared with CMR (16). In the review, studies which used other methods for
assessment of the inter-andintra-observervariability, such as intra-class correlation

coefficients (ICC), and coefficient of variability (CV), werealsoincluded.

3.2 Review Results

3.2.1 Normal Values

The differencesin normal values are particularly large when end-diastolicand end-
systolicvolumes are compared (Tables 3.2and 3.3). It should be acknowledged that
if techniques are used interchangeably, animprovement or deterioration may be
observedonanindividual basis which does notreflect the patient’s underlying

pathology.

The lowerlimits of LVEF varied largely between modalities, such as between

magneticresonance imaging (male—57%) and radionuclide angiography (male —
45%). This was also the case within the same modality, as between Alfaikih et al.
(55%) and Nikitinetal. (66.0 — 70%) for magneticresonance imaging steady state

free procession. Inthe same modality, differencesin LVEF differed upto 4% in age
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ranges. Differences between menand womeninthe same age group differed up to

8% in the 3D ECHO study (Table 3.1).

The largest differences were observed in the normal values for LV volumes. EDV

index upperlimit valuesin men ranged from 56 to 112mL between modalities; ESV

index upperlimitvaluesin men ranged from 20 to 89.7mL. In the same modality, up

to 12mL differencewas reported between differentagesin EDV index, and 10mL

difference between age matched males and females (Tables 3.2 & 3.3).

Table 3.1 Normal values forleftventricular ejection fraction

Alfakih et al (4)

60

MRI TGE

57.0

58.0

Alfakih et al (4) 60 MRI SSFP 55.0 54.0
Cain et al(5) 96 MRI Gradient 49.0 (61-80yrs) 53.0 (61-80yrs)
echo**
Nikitin et al(6) 95 MRI SSFP 66.0 (<65yrs) 68.0 (>65yrs)
70.0 (>65yrs) 72.0 (>65yrs)
Lang et al. (ASE 510 2D ECHO 55.0 55.0
Guidelines) (7)
Aune et al(8) 166 3D ECHO 49.0 49.0
Fukuda et al(8) - 410 3D ECHO (QLAB, 51.0 (60-69yrs) 53.0 (60-69yrs)
Japanese Tomtec)
Chahal et al (10)- | 499 3D ECHO 50.0 (35-44yrs) 52.0 (35-44yrs)
European White 52.0 (45-54yrs) 51.0 (45-54yrs)
48.0 (55-64yrs) 53.0 (55-64yrs)
47.0 (65-75yrs) 55.0 (65-75yrs)
Chahal et al (10)— 479 3D ECHO 50.0 (35-44yrs) 53.0 (35-44yrs)
Indian Asian 51.0 (45-54yrs) 52.0 (45-54yrs)
51.0 (55-64yrs) 53.0 (55-64yrs)
53.0 (65-75yrs) 55.0 (65-75yrs)
Wang et al(11) 140 gSPECT QGS 511 57.6
Wang et al(11) 140 gSPECT 4D- 57.1 51.5
MSPECT
Nakajima et al (12) | 268 gSPECT QGS 48.7 55.5
Hor et al (13) 585 RNV 49.0 49.0
Pfisterer et al (14) 1200 RNV 45.0 45.0
Jongjirasiri et al (15) | 115 320-CT 47.4 53.1

ASE = American Society of Echocardiography; MRl = Magnetic Resonance Imaging;
TGE = Turbo Gradient echo; SSFP = Steady State Free Procession; 2D =Two-
dimensional; 3D =Three-dimensional; ECHO = echocardiography; gSPECT = gated
Single Photon Emission Computed Tomography; QGS = Quantitative Gated Single
Photon Emission Computed Tomography Software; 4D-MSPECT = Four-Dimensional

Myocardial Single Photon Emission Computed Tomography; RNV =Radionuclide
Ventriculography; 320-CT = 320 Slice Computed Tomography; **Sequencenot

specified.




Table 3.2 Normal values forleft ventricular end-diastolicvolumeindex from the literature

Alfakih et al (4) 60 MRI TGE 45.0 (40-65 yrs) 104.0 (40-65 yrs) 48.0 (40-65 yrs) 94.0 (40-65 yrs)
Alfakih et al(4) 60 MRI SSFP 53.0 (40-65 yrs) 112.0 (40-65 yrs) 56.0 (40-65 yrs) 99.0 (40-65 yrs)
Cain et al(5) 96 MRI Gradient 48.0 (51-60yr) 97.0 (51-60yr) 46.0 (51-60yr) 87.0 (51-60yr)
echo** 43.0 (61-70yr) 92.0 (61-70yr) 45.0 (61-70yr) 86.0 (61-70yr)
36.0 (71-80yr) 88.0 (71-80yr) 44.0 (71-80yr) 87.0 (71-80yr)
Nikitin et al (6) 95 MRI SSFP 63.0 (<65yr) 73.0 (<65yr) 63.0(<65yr) 73.0 (<65yr)
54.0 (>65yr) 67.0 (>65yr) 56.0(>65yr) 69.0 (>65yr)
Lang et al. (ASE 510 2D ECHO 35.0 75.0 35.0 75.0
Guidelines) (7)
Aune et al(8) 166 3D ECHO 46.0 86.0 42.0 74.0
Fukuda (9) - 410 3D ECHO 21.0 (50-59yrs) 69.0 (50-59yrs) 28.0 (50-59yrs) 60.0 (50-59yrs)
Japanese (QLAB, 20.0 (60-69yrs) 68.0 (60-69yrs) 25.0 (60-69yrs) 57.0 (60-69yrs)
Tomtec)
Chahal et al (10)- 499 3D ECHO N/A 72.0 (35-44yrs) N/A 64.0 (35-44yrs)
European White 71.0 (45-54yrs) 59.0 (45-54yrs)
64.0 (55-64yrs) 56.0 (55-64yrs)
62.0 (65-75yrs) 52.0 (65-75yrs)
Chahal et al (10)- 479 3D ECHO N/A 63.0 (35-44yrs) N/A 59.0 (35-44yrs)
Indian Asian 57.0 (45-54yrs) 53.0 (45-54yrs)
55.0 (55-64yrs) 49.0 (55-64yrs)
56.0 (65-75yrs) 60.0 (65-75yrs)
Wang et al(11) 140 gSPECT QGS 17.6 62.4 14.7 51.1
Wang et al(11) 140 gSPECT 4D- 15.4 60.2 12.8 53.2
MSPECT
Nakajima et al (12) 268 gSPECT QGS 27.5 74.1 17.9 60.7
Hor et al*(13) 585 RNV 130.0 160.0 130.0 160.0
Jongjirasiri*(15) 115 320-CT 88.0 157.2 61.7 128.1

Values are indexed to body surface area
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Table 3.3 Normal values for left ventricular end-systolicvolumeindexfrom the literature

Alfakih et al*(4) 60 MRI TGE 19.7 (40-65yrs) 78.9 (40-65yrs) 22.0 (40-65yrs) 56.0 (40-65yrs)
Alfakih et al*(4) 60 MRI SSFP 26.1 (40-65yrs) 89.7 (40-65yrs) 26.8 (40-65yrs) 68.8 (40-65yrs)
Cain et al(5) 96 | MRIGradient 14.0 (51-60yr) 46.0 (51-60yr) 13.0 (51-60yr) 37.0 (51-60yr)
echo** 12.0 (61-70yr) 44,0 (61-70yr) 14.0 (61-70yr) 38.0 (61-70yr)
8.0 (71-80yr) 43.0 (71-80yr) 14.0 (71-80yr) 39.0 (71-80yr)
Nikitin et al(6) 95 MRI SSFP 19.0 (<65yr) 24.0 (<65yr) 19.0 (<65yr) 23.0 (<65yr)
15.0 (>65yr) 20.0 (>65yr) 13.0 (>65yr) 20.0 (>65yr)
Lang et al. (ASE 510 2D ECHO 12.0 30.0 12.0 30.0
Guidelines) (50)
Aune et al(8) 166 3D ECHO 17.0 41.0 13.0 33.0
Fukuda (9)- Japanese | 410 3D ECHO 7.0 (50-59yrs) 27.0 (50-59yrs) 8.0 (50-59yrs) 24.0 (50-59yrs)
7.0 (60-69yrs) 27.0 (60-69yrs) 7.0 (60-69yrs) 23.0 (60-69yrs)
Chahal et al (10)- 499 3D ECHO 30.0 (35-44yrs) N/ A 26.0 (35-44yrs) N/A
European White 32.0 (45-54yrs) 26.0 (45-54yrs)
29.0 (55-64yrs) 21.0 (55-64yrs)
26.0 (65-75yrs) 20.0 (65-75yrs)
Chahal et al (10)- 479 3D ECHO 28.0 (35-44yrs) N/A 23.0 (35-44yrs) N/A
Indian Asian 24.0 (45-54yrs) 21.0 (45-54yrs)
23.0 (55-64yrs) 19.0 (55-64yrs)
24.0 (65-75yrs) 22.0 (65-75yrs)
Wang et al(11) 140 | gSPECT QGS N/A 26.6 N/A 17.3
Wang et al(11) 140 gSPECT 4D- N/A 20.4 N/A 20.1
MSPECT
Nakajima et al (12) 268 gSPECT QGS N/A 33.2 N/A 23.7
Hor et al*(13) 585 RNV 50.0 60.0 50.0 60.0
Jongjirasiri et al*(15) 115 320-CT 28.4 68.0 15.9 52.3

Values are indexed to body surface area. Abbreviations asin Table 3.1. *Indicates values were notindexed
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3.2.2 Accuracy of Echocardiographic Methods in the Multi-centre Studies

Only two multi-centre studies have been performed to compare CMR with
echocardiographicimaging modalities (marked by a T in Fig. 3.1, 3.2 and 3.3).
Hoffman etal. investigated 120 patients with variable levels of left ventricular
function, of which 55 patients had CMR as well as standard and contrast 2D ECHO.
They showed in Bland-Altman analysis for unenhanced 2D ECHO (Simpson’s biplane)
leftventricularejection fraction (LVEF) to have agood agreement (bias =0.8%; LOA
=-20.0to 21.6%) with CMR. Contrastenhanced 2D ECHO (Simpson’s biplane)
showed asimilaragreement (bias =4.6%; LOAs of -12.4 to 21.6%). End-diastolic
volume (EDV) and end-systolicvolume (ESV) in unenhanced 2D ECHO showed a bias
of -72.3mL (LOA=-150.3 to 5.7mL) and -35.7mL (LOA = -99.4 to 28mL) respectively,
compared with-42.3mL (LOA =-114.6 to 30mL) and -27.2mL (LOA =-80.9 to 26.5mL)
using contrast 2D ECHO. Various combinations of three readers (one onsiteand two
offsite) produced mean percentage errors (MPE) and confidence intervals (95%Cl)
for 2D ECHO (12.8,10.9 — 14.8; 11.7, 10.1 —13.4; 12.6, 10.4 —14.8) and for contrast
2D ECHO (8.9, 7.5-10.3; 8.8, 7.5—-10.2; 4.1, 3.1 —5.0). These showed aclear
improved agreement when contrastagents were used (17). The second multi-centre
study, consisting of 92 patients with various degrees of LV function as assessed by
Simpson’s biplane LVEF assessment, was carried out by Mor-Avi et al. investigating
the accuracy and reproducibility of three-dimensional echocardiography (3D ECHO)
(5 beatvolume acquisition; QLAB, Philips Ultrasound Ltd., Bothell, Washington, USA).
The bias (LOAs) were -3% (LOA = £ 22%), -67mL (LOA = £ 90mL) and -41mL (LOA=+
90mL) for LVEF, EDV and ESV respectively. The degree of bias in the volume
calculations were attributed to the less experienced centresin 3D ECHO utilization,
which highlights the importance of adequate trainingin the utilization of 3D ECHO

for LV function assessment (18).
3.2.3 Accuracy of Echocardiographic Methods in the Single-Centre Studies

There were 16 single-centre studies which satisfy the inclusion criteria of this review;
three of whichincluded 2100 patients (highlighted by abox inFig. 3.1, 3.2 and 3.3).
Whereas native and contrast echocardiography can be performed with all state of
the art scanners, there are currently only four commercially available systems for 3D
ECHO with inclusive analysis software (Philips, GE, Siemens and Toshiba). In addition,

there isone commercially available software package for offline analysis (TomTec).
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No studies have been performed to compare measurements obtained on scanners
from different manufacturers. The single centre studiesincluded atotal of 1087
patients and healthy volunteers. The bias and limits of agreement for measurements
of LVEF, EDV and ESV are shownin Figure 3.1, 3.2 and 3.3 (17-34). Thefindingsin

single and multi-centre studies can be concluded asfollows:

1. 2D contrast echocardiographyis superiorto 2D non-contrast echocardiography
regarding agreement of volumeand LVEF measurements. The volumes measured
with 2D contrast echocardiography are closerto the corresponding CMR
measurements than those obtained with non-contrast echocardiography. Contrast
2D echocardiography is particularly usefulin patients with pooracousticwindows

(17,20,21).

2. Most studies showed the superiority of non-contrast 3D over non-contrast 2D
echocardiography (17-34). In particular, the measured volumes deviated less from
the CMR measurements using non-contrast 3D echocardiography compared to non-
contrast 2D echocardiography. Only one study specifically focused on patients with
LV aneurysms and seemed to show similar results compared to the otherstudies

(23).

3. There are several studies exploring different recording and analysis protocols for
non-contrast 3D ECHO. The most frequentlyused techniquefor3D ECHO volume
measurementsisvoxel count. The borders of the LV cavity are traced semi-
automatically and the voxels (known volume) inside the traced volumeare counted.
The difference between the analysis software from different manufacturersisthe
numberof 2D slices which are used for the initial tracing of the endocardium.
Whereas QLAB uses two orthogonal views, TomTecuses atleast three planes;
however, after segmentation, all further measurements are performed via voxel
count. Jacobs etal. showed betterresults using the 3D voxel counting method
compared to biplane Simpson data obtained from a 3D dataset (22). Voxel count
was also superiorto a multiplane measurement of LVEF (24,26). There was no
significant differencein LVEF estimation between the QLABand TomTecvoxel
methods (30,32). However, the TomTecvolume measurements were closer to CMR

than the QLAB measurements (25).
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4. Most 3D studies used a multi-beat acquisition: that means that the 3D datasetis
acquired by small datasets which are acquired during four or more consecutive
beatsand electronically stitched together. A study by Macron et al. investigated the
impact of single beat acquisition (which is associated with limited temporal and
spatial resolution) versus multibeat 3D ECHO image acquisition. The single beat
acquisitionresulted in significantly smaller and more variable measurements of
ejection fraction (bias 5%) compared to four beat acquisitions (33).
Thavendiranathan etal. used areal-time scanner (Siemens, CA, USA) which provided
high volume rates and showed good agreement with CMR. They also were able to
scan patients with atrial fibrillation. The authors wenton to reportthe effect of
addingvarious amounts of adjustments to the endocardial border of the contour
algorithm, demonstrating a closer relationship with CMR in LVEF measurements
whenthe contourfindingalgorithmis moved slightly outside the initially traced

contourso as to include the small LV trabeculations (34).

5. No final judgement can be made aboutthe comparison between 2D contrast and
3D non contrast and contrast studies. Nostudy yet fulfilled the inclusion criteriafor
thisreview, butthere isa European multi-centre study completed that will be
available within ayear. Caiani etal. compared 3D ECHO with 2D ECHO (Simpson’s
biplane) and CMRin a population of 46 patients, of which asubset of 14 consented
for contrastinfusion during 3D ECHO acquisition. The LVEF was not different with
both methods, butthe agreement of EDV and ESV became worse when a contrast
agentwas used:the bias (LOA) for contrast EDV was -34mL comparedto -5.7mL for
native 3D ECHO. It was suggested by the authors that this negative impact of values
relative tothe reference method may have been due to bubble destruction,
resulting from the high density of scan lines required for full volumetricacquisition
(27). In arecentstudy by Thavendiranathan and colleagues, the reproducibility of
non-contrast 3D echocardiography exceeded that of 2D and 3D contrast
echocardiography. But this study included only patients with good image quality,

and no CMR measurements were performed (35).
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Figure 3.2 Comparison of echocardiographictechniques with cardiac magneticresonance imaging for measurement of end-diastolicvolume
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Figure 3.3 Comparison of echocardiographictechniques with cardiac magneticresonance imaging for measurement of end-systolicvolume

(mL).The closerthe red boxes are to the mid-line, the smallerthe bias. Abbreviations asin Figure 3.1.



3.2.4 The Observer Variability of the Echocardiographic Methods and Other
Cardiac Tools for Assessing Left Ventricular Function in the Comparative
Studies

Different methods of statistical analysis were used to assess the reproducibility of
tests between two different observers and of repeat tests forthe same observer;
these are as follows, intra-class correlation coefficients (ICC), Bland-Altman method
(BA), coefficient of variability (CV) and percentage difference of the mean (MD)
(16,36). Pearsons correlation coefficient was also used in one paper. Generally, using
ICC as the statistical test forassessing reproducibility, 3D ECHO was more
reproducible than 2D ECHO. With Bland Altman (BA) analysis there was an obvious
difference between the two methods, although, BA was not used very often for
comparisonin 3D ECHO. The most frequently used test for 3D ECHO was MD,
defined as the absolute difference between corresponding repeated measurements
expressedin percent of theirmean, which showed animprovement of 3D ECHO as

compared with 2D ECHO (Table 3.4 &3.5).

The reproducibility of CMR measurementsis betterthan that measured with non-
contrast 2D ECHO in most studies. But with contrast echocardiography, there are
only minordifferences, in particularfor LVEF; in the multi-centre study of Hoffman
et al., contrast 2D ECHO had a bettervariability using ICCthan did CMR (0.91vs 0.86,
respectively) whenthe onsite reader and two offsite readers were compared (17).
The inter- andintra-observervariability of CMR measurements is dependent on the
expertiseof the readers (37). The inter-observervariability of LVEF measurements
can be improved from 7.2% to 3.7% aftertraining (37). Intable 3.6, the studies are
listed in which the reproducibility was reported for CMR. The variability of computed
tomography (CT) and radionuclide ventriculography (RNV) reported by separate
studiesare listed in table 3.7; all of which reported excellent variability except one
study which reported a correlation coefficient of 0.6 for LVEF by RNV (38-43). This is
not surprisingas CT utilizes the same methods for border delineation and volume

calculation as CMR, usingimages with higher spatial resolution (40).
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Table 3.4 Two-dimensional echocardiography, inter-observer and intra-observer comparison

Technique

Study
Reference

Statistic

Interobserver

EDV

Intraobserver

Simpson’s Biplane  Malm et al* (21) BA +15.4% +25.7mL +20mL +18.91% N/A N/A
Simpson’s Biplane Jacobs et al (22) MD 1417 19+ 20 24 121 13+11 13+21 24 24
BA +18% +42mL +20mL +12% +46 mL +24 mL
Simpson’s Biplane  Caiani et al (27) cv 14.2% 26.4t 37.7t
ICC N/A 0.91 0.92
Simpson’s Biplane  Gutierrez-Chico ICC 0.94 0.58 0.83 0.92 0.80 0.89
etal (24)
Simpson’s Biplane  Hoffman et al ICC 0.79 N/A N/A N/A N/A N/A
(17)
Simpson’s Biplane  Hoffman et al ICC 0.91 N/A N/A N/A N/A N/A
Contrast (17)
Simpson’s Biplane  Malm et al* (21) BA +6.4% +20.7mL +15.2mL N/A N/A N/A
Contrast
Offline, 3D ECHO  Gutierrez-Chico ICC 0.96 0.97 0.99 0.97 0.98 0.97

Biplane (TomTec)

et al (24)

ICC = Intra-class Correlation, CV = Coefficient of Variability (% + 2SD), BA= Bland-Altman (Bias £2SD); MD = Mean
Difference expressed as a percentage of the mean (% 2SD); EDV = End-diastolic volume; ESV = End-systolic volume; LVEF =
Ejection fraction, Cl = confidence interval. * Bias not made available. t Standard Deviation not reported.
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Table 3.5 Three-dimensional echocardiographyinter-observerand intra-observer comparison of the literature with varying
methods of statistical analysis

Technique

Study Reference

Statistic

LVEF

Interobserver

EDV

ESV

Intraobserver

EDV

ESV

5 Bt (QLAB) Mor-Avi et al (18) cv N/A 8+ 16 13+28 N/A 5+10 10+ 22
4 Bt (QLAB) Jacobs et al (22) MD 54 10+8 11+6 10+5 10+6 115
BA 3+4% 14 +20 mL 7+10mL 6+6% 13+14mL 6+6mL
4 Bt (TomTec) Sugeng et al (30) MD 10.5+16.6 11.2+17.2 14.2 £23.6 5.6 £t6.8 39+4 5.6+7.8
4 Bt, (QLAB) Soliman et al (32) MD 9.7+8.8 12.2+10.1 13.6+11.2 73+9.1 7.2+81 9.1+£7.2
4Bt (TomTec) Soliman et al (32) ™MD 7.1+69 6.4+78 7.8+9.7 6.6+7.4 47+3.2 6.1+5.8
1 Bt (EchoPAC) Macron et al (32) MD 8.6 +23.2 9.2+11.2 11.9+16.8 6.8+8.38 34+74 8.0+ 10.2
2 Bt (EchoPAC) Macron et al (33) MD 6.6+7.8 46+84 9.0+£13.8 45+738 3.2+66 3.2+48
4 Bt (EchoPAC) Macron et al (33) MD 9.2+9.6 56+7.2 9.6 +14.8 6.4+12.8 3.1+54 4.2 +10.6
1 Bt, Online Chang et al (28) ICC 0.99 0.99 0.99 0.99
BA N/A -1.62mL + 8.78 -0.32mL +10.0 N/A -7.91mL * 33.06 -1.62mL £ 6.85
4P| (TomTec) Gutierrez-Chico et al (24) ICC 0.98 0.99 0.99 0.99 0.99 0.99
8 Pl (TomTec)  Gutierrez-Chico et al (24) ICC 0.99 0.99 0.99 0.99 0.99 0.99
4 Bt (TomTec) Qietal (31) pCC 0.98 0.995 0.998 0.948 0.947 0.982
3to5Bt Thavendiranathan et al MD 1+16 9+14 9+16 2£20 5+20 322
(Siemens) (34)

PCC = Pearson’s Correlation Coefficient. Bt = Beat, Pl = Plane. Otherabbreviations asin Table 3.4.
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Table 3.6 Cardiac magneticresonance imaging, inter-observerand intra-observer comparison, obtained from studiesin which
cardiac magneticresonance imagingand echocardiographic methods are compared

Intraobserver

Technique Study Reference Statistic Interobserver

LVEF LVEF
Hoffman et al (17) 0.86; N/A N/A N/A N/A N/A
95% C10.80 —0.92
CMR Mor-Avi et al (18) MD N/A 5+8 714 N/A 4110 418
CMR Sugeng et al (30) MD 8.5+19.4 63+11.4 7.7+13.2 6.2+12.4 24146 6.3+£9.2
CMR van Geuns et al (39) MD 5.6+6.0 3.7+3.1 48+4.0 0.2+6.2 02+1.0 14123
CMR Thavendiranathan et al MD 1+4 1+12 2110 1+4 0x8 0+12
(34)

CMR = Cardiac magneticresonance imaging. Otherabbreviations asin Table 3.4.

Table 3.7 Computed tomography and radionuclide ventriculography, inter-observer and intra-observer comparison

Intraobserver

Technique Study Reference Statistic Interobserver

LVEF
CT Multirow Raman et al (38) 0.98 0.98 0.99 N/A N/A N/A
CT 64-Slice Annuar et al (39) ICC 0.99 £0.01 N/A N/A N/A N/A N/A
CT 64-Slice Maffei et al (40) cv 4.4 23 3.8 13 1.0 13
CT 64-Slice Sarwar et al (41) PCC 0.75 0.91 0.87 N/A N/A N/A
RNV Xie et al (42) PCC 0.98 0.98 0.98 0.99 0.99 0.99
RNV Sibille et al (43) cv 0.6 1.1 1.7 N/A N/A N/A

CT = computed tomography, RNV =radionuclide ventriculography. Otherabbreviations asin Table 3.4.
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3.3 ReviewDiscussion
NormalValues

It isimportantto have a reference point from which to compare values. Ina perfect
world, one normal range should apply forall cardiac imaging toolsin calculating
ejection fraction and volumetric measurements. However, itis becoming apparent
that due to the differencesin methodology and algorithms between diagnostic
modalities, afixed valueis not possible, and soitis necessary to develop arange of
normal values corresponding to specific modalities. This may even be the case for

various software packages used inthe same diagnostictool (Tables 3.1, 3.2, and 3.3).

In circumstances such as monitoring of treatment with potentially cardiotoxicdrugs
(Herceptin), accurate assessment of LVEF is crucial. However, if measurements are
used interchangeably between different tests, which may be occurringin current
practice, then interpretation may become difficult and the information could be
misleading. A normal ejection fraction for CMR may correspond with a mildly
compromised ventricle in 2D ECHO, and so on (Table 3.1). Thus, the difference
between these measurements may be the difference between whethera patient
does, or does not, qualify fortherapeuticintervention. In ejection fraction and
volume calculations, the variancesin the literature were not only restricted to the
differentimaging modalities, but the differentimaging sequences and software
packages as well; furthermore, the normal values differed according to age and

ethnicity (Tables 3.1— 3.3).
Echocardiographic Techniques versus Magnetic Resonance Imaging

Thereisno systematicdifference inthe measured ejection fraction between the
echocardiographicmethods and CMR (Fig. 3.1). As already reported forthe normal
values, there are major differencesin volumes between echocardiographic methods
and CMR. With the use of contrast agents, these differencesin volume
measurement have reduced, however, thisis still nottothe level where results can
be considered interchangeable. Regarding volumes, 3D echocardiography has been
demonstrated toshow a large improvement towards the values of CMR, and as
such, is the most accurate ultrasound technique for determining left ventricular
function, although the total number of patientsincluded in trialsis still small and

very good acoustic windows are needed (39). The most promisingtechniquein
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echocardiographyis certainly contrast 3D, however, the excellent results
demonstrated by the Jenkins group in 2009 could not be reproduced by Caiani etal.,
and so furtherinvestigationis required (40). Table 2.1 (see Chapter 2.1), summarizes

the advantages and limitations of the different echocardiographic methods.

CMR hasbeenregardedthe reference standard for measurement of LV volumes and
ejection fraction because of its high image quality and volumetricdata (41). There
are well performed ex-vivo studies which have demonstrated the validity of CMR
measurements (42). The bias and 95% limits of agreement between the dog heart
mold data and different methods for LV volume determination werebetween
4.94mL £+ 12.11 and 1.71mL + 18.11. Highimage quality with good segmentation of
blood and tissue as well as a volumetricdataset are the prerequisites for accurate

measurements of LV volumes.

One of the difficulties facing LV function assessment is that LVEF may be a moving
target, as a beatto beatvariability hasbeen reportedto be upto 5.8% + 1.7% (43).
LVEF varies with BP, inotropicstate and heartrate. In order to obtain reliable
comparison of LVEF measurements from two different methods, itis mandatory to
examine the patient underthe same hemodynamicconditions. The effect of the
beatto beat variation can only be minimized by taking multiple measurements and
averagingthe results (43,44). However, inreality thisis often not carried out due to

time constraints and high clinical loads.

The reproducibility of the echocardiographytechniques showed a marked
improvement with the introduction of contrast 2D ECHO and 3D ECHO in both intra-
observerandinter-observer methods and comes close to CMR. However, we think
thereis not yetenough datato provide benchmarks for quality assessment. The
differing tests used for variability assessments make it difficult fora reliable
assessmentto be made — particularly as some studies do notinclude eitherintra- or
inter-observer calculations. Considering the importance of accurate assessment of
LV function, itis remarkable that there has been only alimited body of
comprehensive studies which attempt to definethe differences between the various
imaging methods. In particular, the dataon the reproducibility is not satisfactory.
The scientificsocieties should encourage studies orregistries to broaden the
database and to provide guidelines on how to performvalidation studies. The Bland -

Altman analysis appears to be an ideal test to analyse differences between methods
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or between observers. Based on the available studies, the differentimaging
techniquesforassessmentof LV ejection fraction and volumes are not
interchangeable. If follow-up measurements are necessary, they should be

performed with the same method.

In the currentreview only 2 of the 18 studies reviewed as validation studies for
echocardiography were multi-centre studies. Most of the data is from single centre
studies, which are subject to referral bias. Thus, the reproducibility may be

overestimated. Furtherinvestigation from larger cohortsis needed.

Is visualassessment an alternative?

Visual assessment of LV function on 2D echocardiograms has been used in many
hospitals; forexample, by estimating the LVEF in 5% steps (such as 30-35%) or just
classifyingthe LV function as normal, mildly, moderately or severely impaired. The
reason for usinga visual ratherthan a quantitative assessment is the extratime
neededto calculate LV volumes and the difficulty of tracing the endocardial borders
on still frames. Itis believed that no studies using visual assessment have been
publishedin contrast echocardiography, where endocardial borders usually are well
seen. Although visual assessment of global LV function has been reported to be
‘reasonable’ among experienced readers, the actual inter-observer variability was
5.8% and the intra-class correlation coefficient was 0.78 (45). This does notallow the
use of visual assessment forfollow-up studies of LVEF and volumes. InCMR, a
comparison of visual and quantitative assessment of LVEF showed a major
underestimation (8.4%) with visual assessment. Therefore, it was recommended to

use quantitative analysis for accurate assessment of LV function (46).
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4  Three-Dimensional Echocardiography Volume Quantification: The First
Experimental Study in a Dynamic Heart Phantom

Need for Experimental Studies
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The review has shown that three-dimensional echocardiography (3D ECHO) is the
most promising techniquefor assessing volumes and ejection fraction. However,
there are still limitationsin accuracy and reproducibility (compared to cardiac
magneticresonance imaging). Thisisthoughtto be the due to the limited image
quality of echocardiography. There is also concern that the toolsforassessing left
ventricular (LV) volumes might not be optimal. The best way toinvestigatethis isto

perform novel experimental studiesin adynamicheart phantom.
Need for a New Dynamic Heart Phantom

In our laboratory, acommercially available, anthropomorphicdynamic heart
phantom was established which allows for performing of 3D ECHO studies for the
firsttime. This phantom provides optimal recordings of LV shapes similarto those
observedin patients after majorapical myocardial infarction or duringischemiain
the leftanterior descendingartery territory in stress echocardiography. This creates
ideal conditions toinvestigate the different methods for volume measurements

while excluding the effects of limited acousticwindows.

The anthropomorphicheart phantom allows for the assessment of ultrasound
techniquesand methodsinacontrolled clinical setting. Itis believed that thisis the
firststudy to use a dynamicheart phantomfor 3D ECHO volume assessment,
scrutinisingthe mostavailable methodsforclinical LV assessment. So far, studies
have mostly tested 3D techniques using staticphantom models to assess the
accuracy of volume measurements and to determine the primary sources of error
associated with them (35,63). These phantom models were egg and balloon shaped,
comprised of Zerdine and Latex materials, and were of asimplified ellipsoid shape.
The accuracy and reproducibility in these studies weregood, and this was also
demonstratedin clinical studies (44,57,64,65). The results of this study in volumes
with symmetricventricles with an ellipsoid shapeare in agreement with these

reports.

Some groups have used dynamicheart phantoms for strain analysis, using hydraulic
phantoms instead of a mechanically driven one. However, these phantoms cannot
challenge contourfinding algorithms as they do not provide changes anatomically
representative to aninfarcted ventricle (i.e. apical “bulging”). Heyde et al .. and

Lesniak Plewinskaintroduced inclusionsinto theirventricles, to mimicinfarcted
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territories, however, these were not anatomically representative of true
pathological abnormalities and were not tested with automatic contour finding
software (66,67). Furthermore, the phantoms presented by Heyde et al ., Lesniak-
Plewinskaetal.,Jiaetal. and Claessensetal. are based on an ellipsoid chamber
whichincreasesand decreasesits volume (66-69). The chamber keepsits ellipsoid
shape duringthe cardiac cycle, which facilitates interpolation between manually
chosen contours of the smallestand largest volume. The phantoms were designed
for performing strain studies using speckle trackingimaging. LV volumes were not

calculated during these studies.
Objective

The objective of the experimental studies was to compare the accuracy and
reproducibility of LV volume measurementsinadynamicheart phantom with
optimum image quality in five different three-dimensional echocardiographic

methods.

Hypothesis 1: The semi-automatic methods for volume calculation will demonstrate

difficultiesin following the asymmetrical shape of the phantom heartLV.

Hypothesis 2: Inability of the semi-automatic contour detection algorithms tofitto
the asymmetrical border of the phantom LV will cause inaccuraciesinvolume

calculation, eveninthe context of excellentimage quality.

Hypothesis 3: The manual method of discs technique will provide the most accurate
measurement of the LV volumesin the phantom model due to the completelack of

geometrical assumptioninherentinits methodology.

4.1 Methods
Hydrogel Anthropomorphic Heart

The hydrogel anthropomorphicheart consists of a polyvinylalcohol (PVA) based
anatomically accurate leftand right ventricular structure, specifically designed for
ultrasoundinterrogation (Fig. 4.1). The hydrogel structure not only allows for two-
and three-dimensional imaging but also allows for m-mode and speckle tracking.

Duringthe moulding process, the material was mixed with aniodine solution,
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allowingforuse in cardiaccomputed tomography studies, and graphite, for
generation of ultrasound speckle. The hydrogel structure mimics the density and
ultrasonicproperties of real myocardium, allowing forclinically relevant testing
methods. Atthe base of the heart, four ports allow fillingand emptying of both

ventricularchambers.

O @)
O
Torsional
movement
Left Ventricle Axle m i
Compressional
U movement

Right Ventricle

a b

Figure 4.1 Hydrogel AnthropomorphicHeart (a) —image selected from Shelley
Medical Imaging Technologies brochure for dynamicheart phantoms; schematic of
hydrogel anthropomorphicheart demonstrating the torsionaland compressional
forcesappliedtothe heart (b).

Dynamic Heart Phantom

The DynamicHeart Phantom (DHP) (Shelley Medical Imaging Technologies) consists
of the hydrogel anthropomorphicheart attached to a control hub designed to
governits motion, applying both torsionaland compressive forces (Fig. 4.2). Itis
contained within acompletely transparent Plexiglas casing, and within the centre of
the containmentliesthe hydrogel heart fixed to acradle (consisting of the same
material asthe casing). Atitsapical end, itis connected to an axle, whichis
supported by another piece of the cradle. Both apical and basal cradle plates are
fixedtoa third plate lying along the base of the support structure. This plateis fixed
to alongfloating plate which lies alongthe base of the containment structure. The
purpose of this floating baseplateisto allow movement during contraction so as to
prevent damage tothe phantom structure. Superiorly, thereisaviewing window
consisting of a thin plasticfilm designed to mimicthe epidermis, allowing full
penetration of the ultrasound beam. This viewing window is limited in its view of the

phantom and only allows short axis and long axis views fromits position. The entire
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containment systemisfilled with distilled waterto prevent microbial build up (which

could cause clouding of the waterand potential damage to the DHP).
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Figure 4.2 Side view schematic of Dynamic Heart Phantom System; adapted from aschematicdesigned by Shelley Medical Imaging
Technologies.
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The Servos

The forces applied tothe DHP occur in simultaneous compressional and torsional
phases, allowing the simulation of alive beating heart. However, the outer layer of the
hydrogel heartis notrigid enoughto prevent outward deformation of the chambers
during compression; this prevents the larger reductions of cavity volumes which would
be synonymous with a healthy cardiac output. That is to say that the ejection fraction of
the DHP is only 15%. Thus, this dynamicphantom heart model can only be

representative of a patient suffering from severe heartfailure.

The hydrogel heart contracts viathe combined forces of two separate servos (motors)
attached by an axial linkage system between the two components; this system transfers
the combinedforcesinto the main axle which transmits the kineticenergy into the DHP.
A lubricantis applied alongthe axle at junction pointsin which it passes through two
Plexiglasinterfaces. The two servos are powered by a5V DC 2.6A inputinto a
transformer convertingthe currentinto a 110V AC source. A9V format 522 batteryis
alsousedto powerthe miniSSCII board. This small circuitboard is designed to relay
powerfromthe mainservo source and information from the remote advanced playback
unit (RAPU) assistingin coordination of mechanical output. Of note, itis veryimportant
not to confuse the two powersuppliesforthe RAPUand servos, as this will cause

overload and damage the system.
Remote Advanced Playback Unit (RAPU)

The RAPU is a circuitboard designed to deliverthe desired programminginformation to
the servos, following through the translational pathway to the DHP (Fig. 4.3). The
programminginformationisstoredin a4GB Kingston datastorage disk whichrestsina
port upon the RAPU. The RAPU board contains several different access ports for which
differentinformationis designedto be transferred for various purposes. Thisincludes
two audio jacks, a device serial port, control serial port, DMX output port, USB portand
an infrared receiver forremote control. The board also contains a LCD display and four
terminal buttons for menu control. The buttons and menu controls allow scrolling

through different program options and are also important forinitialising the interface
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with the programming PC. The power supply forthe RAPU isa 6V DC, 500mA inputinto
an 110V AC source.

(an

(6)

1) Control serial port 8) USB port

2) Device serial port 9) SD/SDHC slot
3) Audio RCA jacks 10) Next key

4) LCD screen 11) Enter key

5) DMX output port 12) +VOL key

6) Power connector 13) -VOL key

7) Infrared receiver 14) TTL port

Figure 4.3 Remote advanced playback unit schematic. Image downloaded from
Brookshire Software LLC website: www.brookshiresoftware.com

Visual Show Automation (VSA)

The visual showautomation (VSA) is the software which is installed ona standard PC computer
with the RAPU andis used for programming the desired routines for the DHP. The VSA software
divides its programming methods into two components, one for compression and the other for
torsion. For the following experiments, only a fixed pre-programmed compressionand torsion
was used. The compression and torsion movements are programmed usinga dial measuredin
degrees whichis linked liveto the DHP through a USB cable; as the dial positionisaltered, a

movement command is communicated liveto the DHP.

For compressional movement, there is alimitof 90 degrees (both clockwiseand counter
clockwise) (Fig.4.4). Importantly, the torsional degree of motion only allows 20.5 degrees on
either side of the programmingdial; extending beyond this parameter will push the device past
its safety threshold and burn out the gears of the torsional servo. Currently, there is no software
restriction preventing this from happening, and so great care must be made duringthe writing of
the routine for the torsional component. A VSA protocol was written up for the programming of

the DHP system (Appendix A).
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Figure 4.4 Screenshot of the visual show automation software demonstrating the
programming option for compression and torsion parameter selection. The dial is
manually dragged from 0 to 20.5 degrees while connected to the dynamicheart
phantom, to program the desired compressional ortorsional value. Exceeding the
recommended limit of programming could resultin damage of the servo gears. The
system was pre-programmed before the experiment and this routine was maintained
throughoutall the experiments.

Electrocardiogram (ECG) Output

The ECG outputinthe supplied programs comes pre-programmed and sois
automatically generated once the systemisturned on. The phantom system was

supplied with an audio cable containing ared input connector (Fig. 4.5a) and an open

connection atthe other end. Thisopen connection requiresaBNCfemale 1/4inch audio

phone plug adapter (purchased separately) (Fig4.5b). This phone pluginsertsinto the

ECG audiojack on all available ultrasound scanners. Once thisjackis connected and the

phantomisturnedon, the preprogramedroutines (i.e.anna5 and 6 — provided by
Shelley Medical Imaging Technologies) generate an ECG automatically allowing for 3D

ultrasound acquisition (Fig. 4.6).
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Figure 4.5 Red audio output plug which connects to the RAPU audio RCA jack (a) and
BNC % inch audio phone plug adaptor which connects to the audio ECG input of the
ultrasound scanner (b).

36 bpm

Figure 4.6 Image of the electrocardiogram from the Philips IE33 scanner, generated as
an audiofile by the dynamicheart phantom.

The DHP (Fig. 4.2) runs on a pre-programmed routine with the ECG cable fed into the
audioinput of the Philips IE33 ultrasound scannerwhichis separate from the standard

ECG cable portused for patients; the generated heart rate was 36 beats per minute.
Measuring the True Volumes

The true volumes of the left ventricle and the volume changes were measured before
the echocardiographicrecordings. The anthropomorphic heart was removed from the
apparatus and completely emptied and filled with distilled water using alaboratory
measuring cylinder to the top of the two ports exitingthe LV. The volume of both ports
was then calculated from theirlength (7cm) and diameter (1cm) and subtracted from

total amount of fluid required tofillthe LV and the ports, in orderto assess the absolute
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restingvolume of the LV (68.0mL + 0). The two ports, which exitthe left ventricle, were
then connected to two Tygon tubes (diameter 1.27 cm) filled with distilled water. The
two tubes were attached to a vertical stand. The tubes were initially filled to amid-level
position where a mark was made. Witha 1mL syringe, water was added to the tubes by
1mL and marked at each interval to the bottom of the water meniscus until 5mLwas
added. The distance between each marking was then measured (3mm) and seven
additional markings wereadded to each tube; 1ImL was equal to one mark. Direct
volume measurements were performed every 0.03-0.04 seconds (as perframe of video)
inorder to obtain corresponding measurements to the 3D echocardiographicexam;
each 3D ECHO volume of the dynamicheart phantom was 0.04-0.05 seconds apart. The
volume changesinthe tubeswere recorded usingavideo camerawith adigital clock.
The video was reviewed using Microsoft Windows Live Moviemaker which allowed for

frame-by-frame analysis.
Ultrasound Equipment and Settings

Three-dimensional datasets were recorded with a Philips IE33 ultrasound machine using
an X5-1 matrix array three-dimensional transducer. The volumerate was 20Hz, the
depth 17cm and the sectorwidth 80 x 80 degrees which allowed inclusion of the entire
heartintothe sector. Gain, time gain compensation and compression were optimisedin
orderto provide similarsignal intensity of the myocardium atall depths and toreduce
echoes from the fluid. Acquisition was performed using full volume setting which
created a single beat dataset by “stitching” 4 sub-volumes. The datasets were analysed
offline usinga commercially available software application (Philips QLAB v8.1)
specifically designed for clinical 3D dataset processing. This application hastwo sub-
programs for analysis of three-dimensional (3D) datasets for measurement of LV

volumes (3DQand 3DQadv); both were used in this study.

4.2 Methods: 3D ECHO Ejection Fraction and Volume Calculation in a Dynamic Heart
Phantom

There are three methods that have beenincorporatedintothe Philips QLABv8.1LV
analysis platform. The firstis a semi-automatic contour detection algorithm (method A1)

which requires minimal input by the user (5landmarks —lateral, septal, anteriorand
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inferior mitral hinge points, and apex) and automatically detects the 3D contour of the
structure while calculating the residing volume. This method comes with two sub
routines (methods A2 and A3) which allow for manual correction at different stages of
volume and contour processing. The method B utilises the 2D Simpson’s biplane method
on the two orthogonal long axis views of the 3D dataset — the benefitisthatthe user
can fully optimisethe datasets with the complete cardiacstructure present within 3D
pyramidal image array, avoiding possible foreshortening which occurs oftenin 2D ECHO
LV assessment. The third methodis the manual method of discs technique (method C)
wherebythe LVisslicedinto 16 short axis slices, of which the contours are available for
manual area tracing by the user. The distance is then measured and the volume of each

individualdisccalculated and summedto provide the LV volume.

Methods A1, A2, A3 and C were performed in five different 3D datasets of the
anthropomorphicdynamicheart phantom, and method Bwas performedinone
dataset. The five datasets were acquired using the Phillip IE33 ultrasound scanner at
different positions on the phantom viewing window; each position fell withina3cm
radius of the previous position, and all were randomin their movement patterns. Each
dataset contained 34 3D ultrasound volumes perrecording; a3D volume isdefined as a
single 3D frame of an ultrasound recording. Of these 34recordings, only the nine
volumesthatexisted between the largestand smallest volume were used for analysis

and volume calculation.

4.2.1 Volume Measurements Using Three-Dimensional Contour Finding (Methods
Al-3)

In the phantom, only the LV and right ventricle (RV) are included; therefore, we have
only a two chamberview correspondingtoa4CV in humans, and a single chamberview
correspondingtoa 2CV. Prior to volume calculations, the orientation of the ventriclein
the two and four chamberviews was optimised to allow accurate border delineation by
the userwhen usingthe 2D Simpson’s biplane QLAB tool (3DQ), or by the 3D voxel semi-
automatic contour detection algorithm (3DQadvanced). Optimisation of the phantom
datasetinthe quad screen involved magnifying the image and orientating the window
so that the shortaxisview wasinthe bottom left viewing window, the four chamber

view (minusthe leftandrightatriainthe phantom heart) in the top leftand the two
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chamber (minusthe leftatriuminthe phantomheart) inthe top right. Figure 4.7
represents the default orientation of the 3D datasetin the quad screen following
initiation of the QLAB software application. Reorientation was performed by rotating the
greenaxis (top left window) clockwise 90degrees inthe two chamberwindow (Fig. 4.8)

and rotating the blue axis (bottom left window) using the same method (Fig. 4.9).

The subprogram 3DQadv (method A) has been developed toidentify the borders of the
LV semi-automatically (70). Once the ventricleis delineated, the 3DQadv program
calculatesthe volume by summingthe voxels within the selected borders. The
measurements are performed on the quad screen, which the program 3DQadv
automatically opens when a 3D dataset is selected foranalysis (Fig. 4.7).The rightand
left uppersections represent two orthogonal 2D planes of the 3D dataset corresponding
to a four and two chamberview —as inthe 3DQ subprogram. The operator reviews the
size of the LV duringthe cardiac cycle by scrolling through the two orthogonal 2D views;
the 3D volumes displayingthe smallest and largest areas of the LV are visually identified.
Five landmarks are positioned by the operatoratthe mitral hinge points:inthe two
orthogonal longaxisviewsandinone view atthe apexinorderto initiate the
endocardial contourfindingalgorithm (Fig. 4.10a). The results can be displayedin ashell
view of the LV and a display of the calculated bordersin the 2D cross sections of the
ventricle (Fig. 4.11a-c). The accuracy of delineation can be assessed by reviewing the fit
of the calculated LV contours with the borders of the ventricle in the 2D cross-sections.
For method A1, no manual corrections of the endocardial contourwere performed

(Table 4.1).

Methods A2 and A3 included manual corrections of the initial endocardial contour after
positioningthe landmarks (pre-processing, method A2) or of the endocardial contours
obtained after processing the entire 3D dataset (post-processing, method A3) (Table
4.1). Manual correction was performed when the calculated endocardial border was
more than 2 mm away fromthe LV borderin one or both orthogonal 2D views of the
dataset. In method A2, additional landmarks were set on the true endocardial border
and the contourfindingalgorithm was repeated (Fig. 4.10). If the resulting contours still

deviated fromthe true endocardial border, the entire procedure was performed a
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secondtime. Nofurthercorrections were performed when the second endocardial

contours still deviated from the true endocardium.

Manual correction after processing the entire 3D dataset (method A3) was also

performed ontwo orthogonal 2D views of the 3D dataset by dragging the contours

provided by the algorithm to the desired endocardial borders (Fig. 4.10 a-f). This

procedure was applied to all volumes throughout the entire cardiaccycle. Like in

method A2, the entire procedure was repeated. The resultant time-volume curves forall

three semi-automatic methods were subsequently compared with the true volume

curve.

Table 4.1 Methods for measurement of LV volumesin a 3D dataset

Al Semi-automated volumetric The time points of the smallest (end-
method — without manual systolic) and largest (end-diastolic) LV
correction volumes were visually identified by

reviewing consecutive apical 2D planes.
Semiautomaticcontourfinding was
initiated by placing markers at the base of
the LV and the apex. Nofurther
adjustmentwas performed

A2 Semi-automated volumetric Correction/adjustment of the initial
method + manual correctionon contour provided by the 3DQadv program
end-systolicand end-diastolic inthe end-systolicand end-diastolic
volumes, before processingthe volumes. Additional markers were placed
entire 3D dataset on the true endocardiumintwo

orthogonal apical views

A3 Semi-automated volumetric Correction/adjustment of the final
method + manual correctionat all | contours calculated the 3DQAdv program
time points after processing the
entire 3D dataset

B Simpson’s biplane method of discs | Manual tracing of the endocardial
on optimised orthogonal 2D planes | contourand measurementof length on
of a 3D dataset two orthogonal 2D planes obtained from

the 3D dataset usingthe 3DQ program

C Manual method of discstechnique | Manual tracing of a stack of shortaxis

using short axisslices

discs provided by the QLABISlice tool
(locatedin the subprogram 3DQ)which
allowsthe userto divide the ventricular
chamberintoa maximum of 16 discs for
manual contouring of the endocardial
border

LV = leftventricle, 2D = two-dimensional, 3D = three-dimensional
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Figure 4.7 Initial orientation of phantom datasetin aquad screen demonstrating two
orthogonal long axis views of the phantom heartinthe top leftand right windows, a
short axisview in the bottom left window. Onthe bottomright the three orthogonal
planesare shown together—this allows the operatorto control and adjust the planes, in
particular, to assure the longitudinal planes cut the true apex.

Figure 4.8 Orientation of phantom dataset following clockwise rotation of the green axis
to approximately 90degreesinthe top right long axisview.
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Figure 4.9 Final orientation of phantom dataset following approximately 90 degree
clockwise rotation of blue axisinthe top right long axis window.

56



C

Figure 4.10 Endocardial tracing of the left ventricle in the four chamberlongaxis view
with a superimposed yellow border constructed by the 3DQadv automaticcontour
detectionalgorithm. Three markers are placed atthe apex, and the hinge points of the
anteriorand posterior mitral leaflets (in addition two markers are placed at the hinge
points of the mitral valve inthe two chamber view). Thisisrequired toinitiate the
contouringalgorithm (a). The borderdoes notalign well along the septal, apical and
lateral borders. The green square markers indicate the points where the userhas
selected manual correction to occurand correct the misalignment of the ye llow border
(b). Zoomed view of the 4 chamberview window showing the recalculated yellow
borderfollowing manual correction of the automaticcontour detection algorithm —the
manual correction algorithm performed well in aligning the septal and basal borders of
the ventricle but failed to adequately follow the green corrective markersin the apical
territory (c).
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Method Al Method A3

Figure 4.11 Method Al applied to three different volumes of the cardiaccycle (a - c).
The corresponding results of method A3 are shown onthe right (d —f). These are
represented by volume 1(0.0secs) (a & d), volume 5(0.21secs) (b & f) andvolume 8
(0.37secs) (c & f) of dataset 1.
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4.2.2 Volume Measurements Using Two-Dimensional Method of Discs (Method B)
from Three-Dimensional Datasets

Simpson’s biplane is the standard techniqueforassessing volumesin two-dimensional
echocardiography, but can also be applied on 2D planes from a 3D dataset (subprogram
3DQ —method B—Table 4.1- Fig. 4.12). The LV volume is calculated from two
orthogonal cross sections through the LV representing the four and two chamberviews
(70). The volume calculationis performed by summing up the volumes of a stack of 20
discs piling from the base of the ventricle to the apex. An ellipsoid shape is assumed for
each discand the diameterof the ellipse is the width of the ventricle in the four
chamberand two chamberviews. The position of the four and two chamber views are
optimisedinordertofindthe planes with the minimal differencein LV le ngth measured
fromthe middle of the base to the apex of the ventricle. In these views, measurements
were performed accordingto the guidelines of the American Society of
Echocardiography and the European Association of Echocardiography (71). By placing
markers at the mitral hinge points and the apex of the ventricles, ashape was deployed
which in most cases still had to be manually adjustedin orderto follow the endocardium

at the innerborder.
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Figure 4.12 Screenshot of Philips QLAB 3DQ application measuring end-diastolicvolume
ina three-dimensional dataset with the Simpson’s biplane method (method B).

4.2.3 Volume Measurements Implementing the Manual Method of Discs (MOD)
Technique (Method C)

The subprogram 3DQ of the Philips QLAB LV analysis program allowed forthe
calculation of volume measurements using manual contouring of the short axis views
with a slicing application (iSlice). This option slices the 3D LV datasetinto 16 short axis
slices with an area tracing function available for tracing the endocardial boundaries.
However, an algorithm for volume calculation using this method does not exist, and so
all measurements were entered into a Microsoft Excel spreadsheet and calculated by

summingthe volume of the total number of slices.

Followingimage optimisation as performed in methods A1-3and method B, the left
ventricularvolumes were computed using the MOD technique (method C) aligned from
the three-dimensional dataset (71). The LV volume was calculated from the sum of
volumesinthe stake of 14 shortaxis slices (16 — 2 end slices void of any chamber
volume) (Fig. 4.13& 4.14). The volume of each slice was calculated from the area,
manually traced in the short axis view, multiplied by the total length of the ventricle (the

longestlength between both views), and divided by 14 (the number of slices with

60



traceable volumes). The areawas manually traced at the innerborderof the

myocardium (Fig. 4.15).

The ventricularvolumes of five different datasets were calculated. The volumes were

calculated overthe course of the phantom contraction between the largest and smallest

volume, per 3D echocardiographicvolume.

Figure 4.13 Example of the iSlice tool (usedin method C) inthe Philips QLAB software in
a phantom heart model designed for ultrasound interrogation shown in the quad
screen.
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Figure 4.14 Enlarged view of the iSlice window displaying 16 short axis cross sections
(usedin method C) through the left ventricle of the phantom heart. Note that the first
and lastslice contains novisible volume allowing for identification of the end borders of
the chamber.

Figure 4.15 Enlarged view of the 5" slice with amanually traced area overlaying the
border duringimplementation of method C. Note the areais available in the right
column.
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The MOD volume calculations were performed in five different datasets by readerone

and inone dataset by readertwo to assessinter-observervariability.

Statistics

Descriptive statistics were used for measurements between datasets and the true
volumes; measurements were presented as mean values and standard deviation forthe
true volume measurements. For further comparison of the MOD measurements with
the true volumesinthe phantom and the assessment of the inter-observer variability,

the Bland-Altman test was used.

4.3 Three-Dimensional Echocardiography Ejection Fraction and Volume Calculation

in a Dynamic Heart Phantom: Results

The true volume measurements were repeated twice in two different datasets to assess
the reproducibility of the true volumes inthe phantom. The largest standard deviation
overthe course of four datasets was 0.87mL (Fig. 4.16). The volume varied from

73.00mL at the beginning of the heart cycle to 61.00mL at the end.
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Figure 4.16 Comparison of repeated measures of the true phantom volume duringthe
cardiac cycle between the largest and smallest volume. D1=Dataset 1; D2 = Dataset 2;
Al = Analysis 1; A2 = Analysis 2. The x axis denotes time in seconds.

In all experiments, high quality recordings could be obtained without dropouts. Each

recorded 3D datasetincluded afull cardiac cycle with 34 consecutive 3D volumes. The

QLAB software documents the time value of each 3D echocardiographicvolume which

allows for comparison of volume curves (0.4-0.5seconds per 3D volume) .Inthe

following graphs only the 3D volumes between the largestand smallest LV volume are

displayed. The heart phantom provided an asymmetricshape during most parts of the

cardiac cycle. Only when the anthropomorphicheart was stretched was the LV shape

was close toa symmetricellipsoid shape. During that phase, the contour calculated by

the 3DQadv algorithm followed the true endocardium with minor deviations (<2 mm).

The agreement between two readers measured in 20 different datasets usinga normal

ellipsoid shaped ventricle was very high (bias =0.59mL) with small variability (limits of

agreement=-2.58 to 3.75mL) usingmethod Al. When a comparison between readers

was made usingthe abnormal ventricular shape, the bias was 1.79mL and the limits of

agreementwere -1.57t0 5.19mL.
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Comparedtothe true volumes measured, usingmethod Alresultedinan
underestimation of up to 19.3ml (31% of the true volume) (Fig. 4.17). There were
considerable differences between multiple measurements in different 3D datasets. On
average, the difference between the true volumeand A1 measurements was 18% *
6.5%. However, all volume curves showed asimilar declinefromthe largesttothe

smallestvolume.

When manual correction was performed on the initial contours (method A2), less
deviation fromthe true volumeswas found, and there was both under-and over-
estimation (Fig. 4.18). The maximum difference was 14 ml (21% of the true volume).
With method A3, which consisted of manual correction afterthe 3D dataset had been
completely processed, the differences to the true volume were similarto those found
with method A2. However, the measurements do not smoothly follow the true volume
curve. There are outliers which distort the volume curves and do notindicate the

gradual decline of the volumes (Fig. 4.19).

With method A1, itwas not possible to achievean endocardial contour that followed
completelythe true LV border (Fig. 4.22 & 4.24a): without manual correction there was
misalignment of the calculated endocardial contour seen mainly atthe apex (long axis
views) andin short axis views (SAX). That was not different with pre -processing
correction (Fig. 4.23 & 4.24d). Using post-processing correction, the bestalignment was
achievedinlongaxis planes, butin SAXthere wasstill considerable deviation of the
calculated endocardial contour from the true endocardium (Fig. 4.11). In the SAX view,

the contour neverfittoirregularshapesand was restricted toan ellipsoid shape.

Figure 4.20 shows the comparison of the volume measurements obtained with method
B (biplane Simpson) with the true volume. There was adiscrepancy between the
measurements of both readers and the true volume, which reached amaximum
difference of 13.7 ml (19% of the true volume); however, fewer measurements were
performed. One reader (reader 2) had a good agreement with an average difference of
6.5%. Reader 1 had an average difference of 12.8%. The volume curves obtained with

method B do not representthe true volume change.
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Figure 4.21 displays the volume changes overtime of the true volumes and the
calculated volumes performed using method Cin 5 datasets and a second read by an
independent observer of dataset one. The volume calculations performed using method
C corresponded very closely with the true volume measurements. Onlyone volume
curve did not follow the trend of the true volumes. The largest difference with the true

volumes was 6.5mL (9%) (Fig. 4.21).

Bland-Altman analysis showed that limits of agreement were narrowestin method A1,
whenthe results of reader 1 were compared with the true volumes (Fig. 4.25a). The
limits of agreement were similarfor method Bin comparison with methods A2and A3,
which was unexpected considering the geometrical assumptions associated with the
method (Fig. 4.25b & 4.26); they were worstin method A3. The bias was largestin
method Al. Whenthe measurements were compared between both readers, the best
results were obtained for method Al (bias=4.4 mL; LOA = 3.35 to 5.4mL). When manual
correction was used, the limits of agreementforthe inter-observervariability became
worse (A2 bias =6mL, LOA = -2.3 to 14.4mL; A3 bias 3.4mL; LOA = -9.8to 16.7mL).
Similarresults were obtained when comparing both readers for method B against the
true volume (bias=-6mL; LOA = -4.1to 16.3mL). When the agreement between the
method C measurements and the true volumes was calculated using Bland-Altman
analysis, there was an excellent agreement (bias =-0.46mL; limits of agreement of -6.3
to 5.4mL) (Fig4.2a). The same statistical analysis was performed to compare both
readersto assess inter-observer variability (bias =0.9mL; limits of agreement -2.3to

4.1mL) respectively.
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Figure 4.17 Comparison of method Al from different datasets taken at different
positionsinthe phantom viewing window with the true volumes. Method Al=semi-
automated volumetricmethod with no manual correction. D1=dataset 1; D2 = dataset
2; D3 = dataset 3; D4 = dataset4; D5 = dataset5.
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Figure 4.18 Comparison of method A2 from different datasets taken at different
positionsinthe phantomviewing window with the true volumes. Method A2 =semi-
automated volumetric method with pre-processing manual correction. Abbreviations as
in4.17.
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Figure 4.19 Comparison of method A3 from different datasets taken at different
positionsin the phantom viewing window with the true volumes. Method A3=semi-
automated volumetricmethod with post-processing manual correction. Abbreviations
asinFig. 4.17.
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Figure 4.20 Comparison of method B from two different readers with the known
volume. Method B= Simpson’s biplane method of discs. Abbreviationsasin Fig. 4.17.
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Figure 4.21 Comparison of method Cforthree-dimensional echocardiography left
ventricularvolume calculation in five different phantom datasets. Method C= manual
tracing of a stack of shortaxisdiscs. AbbreviationsasinFig. 4.17.
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Figure 4.22 Quad screenview of method Alsemi-automatic contour detection
algorithm before manual correction.

Figure 4.23 Quad screenview of method A2 with good borderdelineationinfourand
two chamber views.
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a b

Figure 4.24 Zoomed image of method Alborderdetectioninthe shortaxisview, before
manual correction, of a model with an overall good fit; note, eveninagood fitting
ventricle, the misalignments seeninthe shortaxisview (a); enhancement of the short
axisview of method A2 displaying misalignment (b).
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Figure 4.25 Comparison of the method A volume measurements with the true volumes
using Bland-Altman analysis: A1(a), A2 (b), A3 (c).
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Figure 4.27 Bland-Altman analysis between the method Ctechnique and the true
volumes of five different datasets.

4.4 Three-Dimensional Echocardiography Ejection Fraction and Volume Calculation
in a Dynamic Heart Phantom: Discussion

Aftercompleting the experimental and statistical analysis portions of this study, the
following were concluded in relation to the proposed hypotheses: 1. the semi-automatic
contour detection algorithms had great difficulties fitting to the asymmetrical shape of
the LV; 2. there was documented underestimation in calculated LV volumes using the
semi-automatictechniquesin which reproducibility worsened with manual correction (
thisislikely aresultof the inaccuraciesin chamber contouring); 3. the manual method

of discsisthe most accurate and reproducible method forassessing LV volume.

In orderto evaluate the quality of a contourfinding algorithm, aventricleis needed
which changesinshape duringthe cardiac cycle. This could be achieved with our
phantom by using an axle which pushesthe apex of the heart phantom towards the
base. A downside of this modelisthatit only allowed for minorvolume changes, which
are notrepresentative of the volume changesinanormal heart. However, we aimed to
investigatethe quality of an LV contour finding algorithm. For this purpose, it was

advantageous to have nomajor volume changes.

We could show that none of the semi-automatic methods forendocardial contour
finding completely fit with the endocardial borders, although the image quality was

excellentinall experiments when asymmetricvolumes were analysed (Fig. 4.10 & 4.11).
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Thisis inagreement with findings of Jacobs et al. who reported difficulties in applying
semi-automatic contouralgorithms to patients with LV aneurysms (39). Aftersetting the
initial contour, the computeralgorithm performs asequence analysis to find the
contours of the othervolumes within the cycle (72). The reason for preselecting the
lowestand highestvolumesis probably that it allows the systemto performaprocess of
interpolationinstead of “finding” the contours of the entire endocardium during the
cardiac cycle. There is another commercially available software which can be used
offline (TomTec4D LV-Analysis). This software allows the operatorto vary the amount
of automaticinterpolation that the system performs. This may be particularly helpfulin
theirregularly shaped ventricle. With the software available for our experiments, we

were notable to control the amount of interpolation.

The endocardial contours provided by the semiautomaticalgorithm can be corrected
manuallyin different ways (Table 4.1); although, this did not allow an optimal fit of the
calculated contour with the endocardium. With the current software, itis possible to
draw a contourin two orthogonal long axis views after auto-detection has occurred. The
algorithm, however, does not completely follow directly the original tracingin the
desired positions of the ventricle. The Philips QLAB 8.1 user manual describes the
3DQadvanced (method A) method of volume calculation as being completely
independent of geometricassumptions; our study findings suggest, that thisis not
entirely the case, asthe borders created by the automaticcontour detecting algorithm
seemtobe limited by an ellipsoid shaped framework to which even the manual
correction algorithmis bound (73). In particular, reviewing the short axis views show
that the completed contour deviates from the endocardium in many parts of the LV; this
demonstrates thatthe algorithmislimitedinits ability to follow abnormal shapes (Fig.

4.23 & 4.24).

How does this affect volume measurements? Compared with the true volume of the LV,
the volumes measured with method A1were smaller, equallinga maximum error of
31% and mean error of 18% * 6.5%. This error was higherthan a static phantom study
carried out by Herbergetal., whoreported an errorof -6.7+2.5% (63). Mor-Avi et al.
were able toshow in their staticphantom study a difference between selected borders

inshort axis tracings. By using a balloon with a known volume of 150mL, three SAX
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tracings were taken of the inner, outerand midline of the border, showing a difference
of 57ml involume from tracing between the innerand outer border; the most accurate
tracing reportedtobe inthe centre of the border calculating a volume of 148mL (35).
However, inthe heart phantomthe borders were placed as close as possible along the
innerside of the myocardium using manual correction, and that resultedinasmaller
error (A2 bias = 6.2mL; A3 bias=5.1mL) compared to volumetric measurements without

manual correction.

The reproducibilityin methods A1(LOA=-20to -3mL), A2 (LOA=-16to 4) and A3 (LOA
=-18to 8), although poorerthan would have been expected with such highimage
quality, were stillbetterthan the majority of clinical studies reportedin the literature
review (see Chapter 3). These limits of agreement werefurtherreduced by
implementing method C(LOA = -6 to 5mL) for which volumes were attained viadirect
contouring of the short axis slices. Foraccurate and reliable assessment of LV volumes, it
isalso necessary to reconstruct unforeshortened 2D planesfor the initial contour
finding; thisis now available with the 3D ECHO technology. However, the available
program includes no tools to actually confirm optimal orientation of the 3D dataset by
measuring the long axis of the two orthogonal views. In particular, placing the apical
markeris more variable inanasymmetrically shaped LV. This limitation could have
affected the measurements and furtherstudyis needed to address this problem;
however, this would require amodification of the current software, which also should

be adaptedto non-ellipsoid shapes.

There isonly one study, to our knowledge, that focused solely on comparing 3D ECHO
LV volume measurements with CMR in a population of patients with LV aneurysms.
When compared to otherstudies of patients with symmetrical ventricles, as reportedin
Figure 3.2 (see Chapter 3.0), Marsan etal. reported an EDV bias (-21.6mL) in the same
range; however, the limits of agreement (-102.4to 59.2mL) were among the largest of
the 18 study cohort (40). This suggests thatthe authors had difficulty generating

accurate volume measurements in patients with an asymmetrically shaped ventricle.

Method of discs (method C) was one of the firsttechniques adopted for three-
dimensional volume calculationin echocardiography, but with earlier ultrasound

instrumentation and technology, the image quality did notallow for the levels of
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accuracy now seenwith the current semi-automatic contour detectingand volume
calculation algorithms (57,74). Thisisthe first study to reintroduce this method for

volume calculation using contemporary ultrasound technology.

The method of discs technique isthe method of choice in CMRimaging forthe
calculation of left ventricularvolumes; it has been repeatedly validated and is now the
acceptedreference standard (15). The high level of accuracy in CMR was demonstrated
ina phantom mould takenfroman excised dog heart, in which Childs etal.reportedan
excellentagreement (bias =4.94mL; limits of agreement=-8.83 to 17.05mL) (58). In the
currentstudy, the same level of accuracy was demonstrated underidealimaging
conditions usingaphantom heart (bias = -0.45mL; limits of agreement=-6.15 to
5.31mL) (Fig.4.27). Thiswas furtherdemonstrated graphically where 4 of the 5 datasets
analysed byreader 1 followedthe same trend overtime as the true volumes (Fig. 4.21);
thiswas in agreement with hypothesis 3. The anthropomorphicdynamic heart phantom
model represents near perfectimage quality whereby the methodology of the MOD
technique can be assessed under controlled settings using the true volumes measured

directly from the phantom duringits cardiac cycle.

Before development of the matrix array transducer which allows for full volume
echocardiographicimage acquisition, groups experimented with the computational
construction of a 3D echocardiographic matrix from multiple acquisition of 2Dimages
with use of ultrasonicspatial locators fixed to the transducer. With knowledge of the
location of the transducerin 3D space, the 2D images could be aligned and a 3D matrix
constructed (74-76). Thistechnique allowed the users to perform short axis tracingand
volume calculationin echocardiography forthe first time without any geometrical
assumptions. This technique was largely developed and tested by Gopal and colleagues,
who were able to show good correlations in volume calculations between this technique
and cardiac magneticresonance imagingin normal subjects (75). Ina follow-up study by
the same group in patients with abnormal ventricles, usingthe same comparison, a bias
of -28.4mL with limits of agreement of -95to 38.2mL for end-diastolicvolume were
reported, with abias of -13.1mL and limits of agreement of -66.7 to 40.5mL forend-
systolicvolumes (74). Although the biasis reasonably good in comparison to modern

techniques, the limits of agreements for the measurements are considerably wide,
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demonstrating alack of reproducibility. Thisis most likely due to reduced image quality

and errorsin the interpolation of a 3D matrix from 2D images.

Overall, the widely documented underestimation of 3D ECHO semi-automaticvolume
calculation has beenreported to be associated with aninability to distinguish between
the comprehensive networks of muscle trabeculations that line the internal cavity of the
left ventricle with that of the actual endocardial smooth musclewall (51). However, in
the dynamicphantom model, aconsistent underestimation was still documented,
particularly in the method void of manual corrections, even though the border was well
defined with notrabeculations present. Itis believed that the errorreported from these
experimentsis due toaninability of the contourto fit to the abnormal shape of the
phantom ventricle; thisisanerrorin 3D ECHO volume calculations which has not

previously been reported.
4.5 Limitations

In the dynamicheart phantom the true volumes were only measured between the
largestand smallest volume of its cycle, indicating the volume changes between end-
diastolicand end-systolicvolumes. In clinical investigations, these are the two most
importantvolumes used for diagnosing disease and monitoring disease progression; it
was believed that these volumes and those in between would be the mostimportant to

focuson.

Throughoutthis study, the primary reader (reader 1) was of a novice experience level.
This could have potentially underestimated the accuracy and reproducibility of the
methodstested. However, in method A1 where the worst agreement was observed, the
process of border contouringand volume calculation was largely automatic, which
reduces the potential forreadervariability. Furthermore, in method Cthe agreement

was the highest, which is the technique most likely to be affected by userexperience.

The anthropomorphichydrogel heart was the only one usedinthe dynamicheart
phantom forthese experiments; thus, the dataislimitedto this particularsized
ventricle. Future investigations would require testing in different sized and shaped
ventricles to determine more specifically where limitations in the methods exist. There

was also a limited cardiacoutput tothe programmed routines used in this experiment.
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The ejection fraction calculated by the true volumes was 15%, which isin the
classification range of severely abnormal according to the American Society of

Echocardiography and European Association of Echocardiography guidelines (23,24).

The heart rate usedinthe experiments was also fixed and not programmable, limiting
the range of the current results. Future investigations should focus on different heart
rate ranges, in particularthe higher heartrates, where the temporal resolutionis lower

relative tothe patient’sintrinsicheartrhythm.

As with all ultrasound measurements, the accuracy of the volume calculations is subject
to the quality of the image. In this study, the quality of image was excellent with near
zero artefacts and very clear border delineation. However, there was evidence of signal
guality reductionin the periphery of the sector—potentially affectingmethod C
measurementsin particular. This was the case due to the position of image acquisition
(whichresembles the parasternallong axis viewin human studies)where the ultrasound
beamis perpendiculartothe LV wall at the centre of the sectorand become more
tangential towards the periphery of the sector (Fig. 4.28). In human studies, the image
gualityisworse inthe basal planes whenimages are performedinthe apical views. This
iscaused by a diversion of the scanlines at greater depths; most oftena probleminthe
basal territory of human studies where by the view used to acquire images for MOD
volume analysis would almost exclusively be the apical long axis position; the signal
intensity also reduces as the depth of the signals increase, thus the territories (i.e. base)

which are farthest away from the transducer will resultin the poorestimage quality.
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Figure 4.28 Short axis views demonstrating the difference inimage quality between the
slicesfromthe centre of the ultrasound beamto the slices taken towards the periphery
of the ultrasound sector. The endocardial definitionis bestinthe centre, which
facilitates manual tracing (c & d). Note the drop outsinthe slices takeninthe periphery
(e & f) and the blurred display (a&Db).
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A limitation of method Cinthe human population will also be the identification of the
basal border. In the phantom study, this was an easy task as the borderis straightand
flat. However, inahuman study, the borderis concave and may not be clearly
identifiable in atleast one of the long axis views, eveninthe higher quality images.
Furthermore, the exact anatomical landmark at which to place the end basal slice will
needtobe identified. Acomparison of studies between CMR and MOD would allow
optimal methodology to be designed in human studies by assessing whether the basal

slicesshould be placedinferior, in line with, oranteriorto the mitral annulus.

MOD isa time consuming technique. It took approximately two hours to perform the
volume calculations of one dataset forall volumes between and including the end -
diastolicand end-systolicvolumes. This equates to approximately 12 minutes per
volume, whichistoolongfora period of analysis to add to the overall process of
echocardiographicreporting; especially in light of the workload that the average
echocardiography laboratory faces. In orderto make 3D MOD work in clinical practice,
the manual tracing needsto be replaced by an automated contour finding algorithm

(see page 87).

4.6 The First Experimental Study: Conclusions

In a heart phantom with abnormal LV shape none of the tested methods for automated
endocardial contourfinding showed acomplete fit with the endocardial borders despite
optimal image quality. Thisis due to the fact that the algorithms used forautomatic
contour finding and manual correction seem to allow only ellipsoid shapes.
Furthermore, the overall agreement with the true volumes worsened when manual
correction was applied. This lack of agreement despite excellentimage quality inan
asymmetrical LV isa new error previously not identified by the literature orthe
governing bodies of echocardiography. Cautionshould be taken when using semi-
automaticcontouringalgorithmsin patient populations with large asymmetrical left
ventricularaneurysms, as the underestimationin volume calculations is likely to be
largerand less reproducible. The manual method of discs technique could be a
potentially accurate techniqueinthese patient groups, however, further studies need to

be performedin human subjects.
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5 Final Discussion and Summary

Echocardiographyis the most cost-effective and available method of assessing left
ventricularfunctionin clinical diagnostic cardiology. The mostimportant parameter that
can be derived fromthis assessmentis left ventricular ejection fraction, calculated from
end-diastolicand end-systolicvolume measurements. Due to the reliance of good
acousticwindows and operator experience, the accuracy and reproducibility of
echocardiography has been stringently validated; asis evidentin the 18 scientific studies
that were reviewed in Chapter3.0. However, inrecentyears, with the development of
3D ECHO, evidence has demonstrated levels of accuracy and reproducibility much closer
to that of the reference standard, cardiac magneticresonanceimaging (CMR).

The initial aim of this project was to determine the findings of the most recent literature
comparingvolume and ejection fraction calculations of all echocardiographic methods
and CMR. A comprehensive review of the literature was already available by Dorosz and
co-authors. Dorosz etal., however, did notinclude the absolutelatest studies available;
alsoabsentwas an assessment and discussion of the normal values of all techniques.
The current review was able to determineclinicallyimportant disparities between
differentimaging modalities for normal LVEF and indexed (body surface area) volume
ranges. These differences demonstrated an important lack of interchangeability of these
measurements between different cardiacdiagnostic modalities as well as different
analysis packages within the same imaging modality, highlighting the necessity for use of
the same diagnostictool for follow-up measurements.

Followingthe literaturereporting the normal values, studies investigating the accuracy
of echocardiographictechniques were reviewed. As was expected, studies comparing 3D
ECHO with CMR reported a higheraccuracy than those looking at 2D ECHO. In orderto
improve the impact of the review, only studies including 30 patients or more were
included. There were only three studies where a comparison of contrast 2D ECHO was
made. Thus, a clear difference between contrast 2D ECHO and 3D ECHO was unable to
be defined; however, itappearsthat 3D ECHO may be more accurate. There were only
two multi-centre studies that had been performed: the first comparing contrast 2D
ECHO (Hoffmanetal.) and the second 3D ECHO (Mor-Avi etal.). Interestingly, the Mor-
Avi study showed aworse agreementto CMR than the Hoffman study (Fig. 3.1-3.3). This
was attributed tothe lower experience levels by some of the centres, and highlighted
the importance of usertraining and experience. The experience level of the users was
most evidentin end-diastolicvolume (EDV) measurements, where abias of -37mL (limits
of agreement=-91to 17mL) was reported by the most experienced group, which
worsened to-89mL (limits of agreement=-155 to -23mL) in the least experienced
group.

None of the studies calculated 3D ECHO volume in an anatomically accurate dynamic
heart phantom where the method could be entirely scrutinized void of the common
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limitations associated with all echocardiographictechniques, such as pooracoustic
windows, soft tissue attenuation and unclear visualisation of endocardial borders.
Furthermore, with the exception of one study, no studies investigated thoroughly the
accuracy of the 3D ECHO volume calculation methodsinirregularly shaped ventricles.
This provided opportunityforthe second part of this project: challenging the contour
findingalgorithmin 3D ECHO volume calculations using a dynamicheart phantom with
anirregularly shaped leftventricle.

The anthropomorphicdynamicheart phantom, designed specifically for ultrasound
interrogation, generated perfectimage quality fortesting of the 3D ECHO volume
algorithms. The phantom provided small volume changes due to the nature of its
hydrogel material (polyvinyl alcoholand graphite). However, this turned out to serve the
purpose of the experiment furtherasit provided a multitude of asymmetricshapes
throughoutits contractile cycle. The fouralgorithms, which are described in Table 4.1
were quantitatively assessed on theiraccuracy in calculating volumes, and qualitatively
assessed asto how well theyfittothe endocardial borderin all three windows of the
quadscreendisplay. Avery goodinter-observervariability was observed in both
ventricularshapes that were severely asymmetric (bias =1.79mL; limits of agreement =-
1.57 t0 5.19mL) and in shapesthat were closerto a symmetrical (bias=0.59mL; limits of
agreement=-2.58 to 3.75mL) ellipsoid shape, likely due to the automatic nature of the
algorithms. There was agood agreementin method Alwiththe true volumes (bias=-12;
limits of agreement=-20.4 to -3.6mL) in comparison with the clinical studies reviewed;
however, this reduced with the introduction of manual correction. There was an overall
loweragreementinthe semi-automatic methods than one would expectinimages of
such high quality. These results, though, made sense when compared to the qualitative
analysis, since in none of the studies did the contouring algorithm fit well tothe inner
border of the phantom. Thisis true eveninthe manual correction data where the
borderwas made to fitreasonably wellinthe longaxis views, yet still fit poorly in the
short axis view. Thus, in the absence of poor endocardial borderdefinitionitis believed
that a new error has been discovered which stems from the algorithms inability to deal
with asymmetrically shaped ventricles.

Itisclear that the error associated with poor endocardial border definition coupled with
this newly discovered errorresulting from the fixed framework of the contouring
algorithms will compound the inaccuracy of 3D ECHO in patient groups, forexample,
those with large anteriorinfarcts. Thus, an alternative measurementtool needs to be
investigated which would be most accurate inthese patient groups. Thisled to the third
study of the project: reintroduction of the manual method of discs technique (MOD).
This technique, using the Philips QLAB software’s ability to selectively slice the 3D
volume into up to 16 difference partitions, allows direct contouring of the short axis
slicesidentical to the CMR method of volume calculation.
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MOD demonstrated high levels of accuracy in the phantom model both graphically (Fig.
4.21) and statistically(Bias =-0.42mL; limits of agreement=-6.15 to 5.31mL) in
comparison withthe true volumes (Fig. 4.27); furthermore, it showed excellent
agreement between readers (Bias =0.9mL; limits of agreement=-2.3to 4.1mL). The
possible limitationsin human studies werediscussed in Chapter 4.0, however, the
phantom model experiments proved that the principle methodologyis feasible and
accurate; thus, human studies are warranted to identify the specificlimitations and
strengths of this technique in the clinical arenaas a feasible LV volume measurement
tool in patient types that have asymmetrical ventricles.
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6  Future Investigations

Chapter4.0 identified anewly discovered errorinacommercially available semi-
automaticcontouralgorithm whichisa recommended tool for 3D ECHO LV volume and
ejectionfraction calculation by the American Society of Echocardiography and European
Association of Echocardiography (1). This error demonstrates alimitationinthe
software to correctly follow the contour of a LV chamber of asymmetrical geometry. For
thistool to be accurate in patient groups with cardiacanatomy reflective of the chamber
structure of the phantom heart, the algorithm must be redesigned to be more
accommodating of various shapes, instead of the ellipsoid shape which is mostly
representative of healthy hearts. There is current work being performed by the
ComputerScience Department of the University of Alberta which willallow both
contouringand volume calculations of any shape (Fig. 6.1). Semi-automatic contouring
of this malleability would also allow accurate volume calculations of structures such as

the right ventricle and both atria, to which the complex shape and structure of these
chambers have proven difficult foraccurate assessment using ultrasound (2-4).

a b

Figure 6.1 Image of a segmentation algorithm forthree-dimensional volume calculations
which has no geometrical limitations to shape as displayed in the phantom dataset. a=
Long axisview; b =short axis view. Image courtesy of Dr. Kumaradevan Punithakumar,
Operational and Computational Director of the Servier Virtual CardiacCentre at the
Mazankowski Alberta Heart Institute.

Most importantly in the focus forfuture developments in echocardiography should be
for the improvement of image quality in three-dimensional echocardiography (3D
ECHO). A method which has been demonstrated, andis still being developed by our
research group, is 3D ECHO image fusion (5-7). The premise is toimprove image quality
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by combiningtwo or more 3D datasets. This has sofar demonstrated two promising
outcomesinitsapproach: 1) the fusion (i.e. summing of images) of specific structure
focusedimagesto create a dataset with a heart of high quality complete structures (as

many 3D ECHO human images have wall drop-outs) and, 2) improvements in signal-to-
noise ratio, which will assistin strengthening the clarity of borders and structures (Fig.
6.2).

Figure 6.2 Fusion of three incompletedatasets (a-c) acquired in an anthropomorphic
dynamicbeating heart phantom and fused togetherto create a structurally complete
image (d) of the heart. Images courtesy of Dr. Kashif Rajpoot (Assistant Professor, School
of Electrical Engineeringand Computer Science, National University of Science and

Technology, Islamabad, Pakistan).

However, forthe experiments onimage fusion with the described heart phantom, the
high level of image quality we have observed would be alimitation. Areductioninimage
quality was possible through two methods: the firstinvolving reduction in the power of
the scanner (Fig. 6.3b); the second used a thin (3mm) commercially availablesilicone
layer (General ElectricSilicone 2 Clear: Premium Waterproof Silicone) commonly used
for sealing of home tiles and other home renovations (Fig. 6.3c &d) (8). The latter
allowed excellent levels of ultrasound absorption while inducing no artefacts. In earlier
trials of attenuation, layers of agelatin-based material were tested; however, strong
reverberation artefacts were generated from this material (Fig. 6.3e) (9). Thiswas likely
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dueto alarge difference inacousticimpedance between the gelatin layerand the
plasticfilm used forthe mimicking of an epidermallayerinthe phantomviewing
window. The silicone layer likely had an acousticimpedance much closerto that of the
filmleadingto asignificantly smalleramount of artefact. Using these methods of image
attenuationinthe phantom model willallow experimental testing of the fusion method
forimprovingimage quality, in turn, increasing the accuracy of volume calculations and
other quantitative measures of cardiacfunction and performance.
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Figure 6.3 Images comparingthe visual differencesinimage clarity between animage
with a mechanical index of 1.2and no attenuation layers (a),an image with a mechanical
index of 0.1 and no attenuation layers (b), animage with amechanical index of 1.2and
3mm of 100% silicone attenuation layer (c), animage with amechanical index of 1.2and
6mm of 100% silicone layer (d) and animage with a mechanical index of 1.2and 1.35cm
of gelatin attenuation layer (e).



Finally, development of an automaticsegmentation algorithm would prove
advantageous forthe MOD technique in orderto reduce the amount of time takenin
performing volume calculations using this method. Automatic segmentation of the 14
slices partitioned by the Philips QLAB software would not be adifficult algorithm to
designasit would be asked to segment two-dimensional images. As a result, this tool
wouldincrease the utility of the software to the echocardiographer.
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Appendix A

VisualShow Automation (VSA): Operation Protocol
Remove protective coverfrom phantom servo and control console.

Attach powercablesto appropriate ports —making sure everythingis switched onand
batteryisconnected.

Connect USB cable from PC computer where the VSA software is installed to the RAPU
USB port (Fig. A).

e Tab nexton remote advanced playback unit (RAPU) LED console screen (located
on top of the phantom motor hub and control board) until the USB linkiis
reached —hit enter (Fig. B). This should begin connection between workstation
and console indicated by USB software installation and recognition at bottom
right hand corner of computerscreen.

Figure A. Cable configuration for control hub. RAPU=Remote Advanced Playback Unit
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Figure B. Image of the remote advanced playback unit (RAPU) LED display.

Open VSA software on workstation:

Under tools menu click on Settings

Click on the device settings tab

Lower left cornerclick on the hammertool and select invert enable, unchecking
all devices.

Check device 0 and 1. Device 0 = Compression. Device 1 = Torsion.

Change port setting for both devices by double clicking on columnwindowand
selecting RAPUL.

Click ok.

Setting up workflow:

Devices are shownintopleftcorner.

Create yourfirst phase by clicking next to Device 0and dragging for an allotted
period of time (shown belowthe phase windows).

Double click on the highlighted barto access event properties.

By the dial control the position of the phantom is changed. In order to program
the different steps of movement (event) click on stop position and select the
desired angle on the clock face which correlates with the desired movement;
click capture to set process.

Repeatas manytimesasare required to create a full cardiac cycle. (You may cut
and paste events accordingly)

Repeatfordevice 1inorderto program torsion.
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