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ABSTRACT

Purpose: Cardiac MR (CMR) is the gold standard for
left ventricular (LV) quantification. However, two-
dimensional echocardiography (2DE) is the most
common approach, and both three-dimensional
echocardiography (3DE) and multidetector CT (MDCT)
are increasingly available. The clinical significance and
interchangeability of these modalities remains under-
investigated. Therefore, we undertook a systemic
review to evaluate the accuracy and absolute bias in
LV quantification of all the commonly available non-
invasive imaging modalities (2DE, CE-2DE, 3DE,
MDCT) compared to cardiac MR (CMR).

Methods: Studies were included that reported LV
echocardiographic (2DE, CE-2DE, 3DE) and/or MDCT
measurements compared to CMR. Only modern CMR
(SSFP sequences) was considered. Studies involving
small sample size (<10 patients) and unusual cardiac
geometry (ie, congenital heart diseases) were excluded.
We evaluated LV end-diastolic volume (LVEDV), end-
systolic volume (LVESV) and ejection fraction (LVEF).
Results: 1604 articles were initially considered: 65
studies were included (total of 4032 scans (echo, CT,
MRI) performed in 2888 patients). Compared to CMR,
significant biased underestimation of LV volumes with
2DE was seen (LVEDV—33.30 mL, LVESV —16.20 mL,
p<0.0001). This difference was reduced but remained
significant with CE-2DE (LVEDV —18.05, p<0.0001)
and 3DE (LVEDV —14.41, p<0.001), while MDCT
values were similar to CMR (LVEDV —1.20, p=0.43;
LVESV -0.13, p=0.91). However, excellent agreement
for echocardiographic LVEF evaluation (2DE LVEF
0.78-1.01%, p=0.37) was observed, especially with
3DE (LVEF 0.14%, p=0.88).

Conclusions: Comparing imaging modalities to CMR
as reference standard, 3DE had the highest accuracy in
LVEF estimation: 2DE and 3DE-derived LV volumes
were significantly underestimated. Newer generation CT
showed excellent accuracy for LV volumes.

INTRODUCTION
In the modern era of cardiovascular multi-
modality imaging, accurate assessment of

KEY QUESTIONS

What is already known about this subject?

» Anecdotally, clinicians understand that different
imaging methods give different results. For example,
echo is known to underestimate LV volumes compared
with MRI and these differences are ameliorated with
the addition of contrast or 3D echo.

What does this study add?

» This study compares all imaging modalities to provide
an overall picture of the differences that might be
anticipated. Previous studies have evaluated and pre-
sented the bias (in percentage units) between echo
and MRI, but not the actual values. A unique feature of
this meta-analysis is that bias is presented in terms of
millilitres (for volumes) and percentage points for ejec-
tion fraction; values that translate into clinical practice
easily.

How might this impact on clinical practice?

» Increasingly, multi-modality imaging is being used to
determine left ventricular volumes and ejection frac-
tion. Since these measurements are essential compo-
nents of clinical management, understanding the
anticipated differences that may arise due to different
imaging techniques alone, and differentiating these
from potential clinical changes, is a key component of
clinical management.

left ventricular (LV) function is of para-
mount importance: LV volumes and ejection
fraction (LVEF) are crucial parameters in
clinical decision-making, diagnosis and
outcome and are included in the main
guidelines and trials." The absolute LV
parameters, derived from imaging, and their
variation over time, are used to guide surgi-
cal timing, device implantation and medical
therapy introduction.' * Although several
imaging methods are widely available for LV
quantification, cardiac MR (CMR) is
considered the most accurate modality and
is recognised as the gold standard.’
Nevertheless, non-contrast two-dimensional
echocardiography (2DE) is still the most
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widespread method used in clinical practice, mainly
due to feasibility, wide distribution and rapid acquisi-
tion.” However, 2DE has several intrinsic weaknesses, it
is: user-dependent; affected by geometrical assumptions;
often subject to foreshortening and limited by poor
endocardial definition. By reducing these limitations,
three-dimensional echocardiography (3DE) has been
reported as a more reproducible and accurate modality
for LV volume assessment.>'? In addition, multidetec-
tor CT (MDCT) is increasingly available for its clinical

8

applications and as a possible alternative in those
patients for whom echocardiography may be unreliable
or CMR contraindicated."” In the past few years, the
development of newer MDCT generation scanners has
significantly lowered radiation exposure, which is grad-
ually leading to increased adoption.'* '?

However, the use of resource-consuming modalities
requires evidence of additive impact on clinical man-
agement. It is still not clear if the quantitative advan-

tages of these newer modalities have clinical

Electronic literature search of PubMed for articles
comparing Echocardiography versus CMR and CT
versus CMR

S

1020 publications comparing
echocardiography to CMR were identified

584 publications comparing CT to CMR
were identified

669 considered not
relevant or eligible
after reading title
and/or abstract

351 publications were
potentially eligible after
screening title and abstract

( 298 publications
excluded after article
revision due to
inclusion criteria or
insufficient data in
original paper and the
further required data
could not be obtained
from respective

authors
\_ J

r

2 further publications\
were yielded from a
cross-reference
check of relevant

studies
\_

J v

50 studies with echocardiography and
CMR results were included

(5 studies involved echo and CT)

|

491 considered not
relevant or eligible
after reading title
and/or abstract

93 publications were
potentially eligible after
screening title and abstract

73 publications
excluded after article
revision due to
inclusion criteria or
insufficient data in
original paper and the
further required data
could not be obtained
from respective
authors

. J

20 studies with cardiac CT and CMR results
were included

(5 studies involved echo and CT)

l

[ 65 studies, 4032 scans (2888 patients) are included in final analysis]

Figure 1 Study selection for inclusion.
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Table 1 Included studies
Publication Number of Modalities compared
First author* year patients Population to MRI
Hundley 1998 35 Patients referred for evaluation of LV function 2D-echo (non-contrast),
2D-echo (contrast)
Schmidt 1999 25 4 normal volunteers; 21 cardiac patients 3D-echo (non-contrast)
Chuang 2000 35 10 healthy adult volunteers; 25 patients with dilated 2D-echo (non-contrast),
cardiomyopathy 3D-echo (non-contrast)
Qin 2000 16 Patients with normal LV 2D-echo (non-contrast),
3D-echo (non-contrast)
Chuang 2001 24 12 obese/overweight patients and 12 lean patients 2D-echo (non-contrast),
3D-echo (non-contrast)
Schalla 2001 34 Cardiac patients 2D-echo (non-contrast)
Mannaerts 2003 17 7 healthy volunteers and 20 patients with: hypertrophic 3D-echo (non-contrast)
cardiomyopathy, aortic or mitral regurgitation, or AMI
Zeidan 2003 15 Healthy volunteers 3D-echo (non-contrast)
Jenkins 2004 50 Patients referred to the echo laboratory 2D-echo (non-contrast),
3D-echo (non-contrast)
Malm 2004 87 Patients referred to the cardiology department 2D-echo (non-contrast),
2D-echo (contrast)
Caiani 2005 46 Patients with normal LV function 2D-echo (non-contrast),
3D-echo (non-contrast)
Corsi 2005 16 Normal volunteers and patients with CAD, dilated 3D-echo (non-contrast)
cardiomyopathy, valvular disease
Lim 2005 36 Stable patients with post-AMI 2D-echo (non-contrast),
2D-echo (contrast)
Wang 2005 11 Patients with chronic CAD 2D-echo (non-contrast)
Chan 2006 30 Patients with previous AMI with altered shape and 3D-echo (non-contrast)
wall-motion abnormalities
Dewey 2006 30 Patients with suspected CAD 2D-echo (non-contrast)
Jenkins 2006 110 Patients referred to the echo laboratory for 2D-echo (non-contrast),
measurement of LV volumes and EF 3D-echo (non-contrast)
Krenning 2006 15 Male patients with a history of AMI and various degrees  3D-echo (non-contrast)
of wall-motion abnormalities
Liew 2006 32 Outpatient cardiac clinic patients with known CAD 2D-echo (non-contrast),
MDCT 64-slice
Malm 2006 50 Patients submitted to echocardiography were enrolled 2D-echo (non-contrast),
2D-echo (nontrast)
Nigri 2006 70 35 patients with aortic stenosis and 35 with aortic 2D-echo (non-contrast)
regurgitation with surgical indication
Nikitin 2006 64 40 cardiac patients with LVEF <45%, 14 with EF >45%  3D-echo (non-contrast)
and 10 normal volunteers
Sugeng 2006 31 Patients referred for clinically indicated CT angiography  3D-echo (non-contrast)
Brodoefel 2007 20 Patients with chronic CAD Dual source CT 2x32
Demir 2007 21 Patients with known or suspected CAD 2D-echo (non-contrast)
Giakoumis 2007 135 Patients with thalassaemia major attending an 2D-echo (non-contrast)
outpatient clinic
Jenkins 2007 50 Patients with LV dysfunction due to previous AMI 2D-echo (non-contrast),
3D-echo (non-contrast)
Jenkins 2007 30 Patients referred to the echo laboratory for 2D-echo (non-contrast),
measurement of LV volumes and EF 3D-echo (non-contrast)
Krenning 2007 39 Patients referred for routine evaluation of cardiac 3D-echo (non-contrast)
function after AMI
Qi 2007 58 44 patients with various cardiac disorders referred for 3D-echo (non-contrast)
clinical MRI studies and 14 normal patients
Schlosser 2007 21 Patients referred for CTCA MDCT 64-slice
Soliman 2007 53 Patients with a cardiomyopathy and adequate 2D image 3D-echo (non-contrast)
quality
Bastarrika 2008 12 Patients heart transplant recipients Dual source CT 32x2
Busch 2008 15 Mixed population of patients Dual source CT 32x2

Continued
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Table 1 Continued
Publication Number of Modalities compared
First author* year patients Population to MRI
Chukwu 2008 69 35 with normal LV systolic function and 34 with AMI and 2D-echo (non-contrast),
depressed LV function 3D-echo (non-contrast)
Leonardi 2008 24 Patients with thalassaemia 2D-echo (non-contrast)
Mor-Avi 2008 92 Patients referred for CMR evaluation of LV size and 3D-echo (non-contrast)
function
Pouleur 2008 83 20 volunteers and 63 patients with heart disease 3D-echo (non-contrast)
including aortic valve disease, severe mitral
regurgitation and previous AMI
Puesken 2008 28 Patients with known/suspected CAD MDCT 64-slice
Rutten 2008 78 Mild to moderate patients with COPD with and without 2D-echo (non-contrast)
heart failure
Soliman 2008 24 17 patients with impaired LV systolic function due to 3D-echo (non-contrast)
CAD or idiopathic dilated cardiomyopathy
Wu 2008 41 Mixed population of patients MDCT 64-slice
Akram 2009 20 Patients with suspected CAD MDCT 64-slice
Garcia-Alvarez 2009 65 Patients with first STEMI admitted to a tertiary care 2D-echo (non-contrast)
hospital and reperfused within 12 h of symptom onset
Gardner 2009 47 Patients with AMI greater than 6 weeks previously and 2D-echo (non-contrast)
scheduled for imaging evaluation
Gjesdal 2009 61 Healthy controls and patients with acute STEMI and 2D-echo (non-contrast)
treated with PCI
Guo 2009 51 Patients with mitral regurgitation confirmed by 2D-echo ~ 2D-echo (non-contrast),
and colour Doppler MDCT 64-slice
Jenkins 2009 50 Patients with past AMI who underwent 2D-echo (non-contrast),
echocardiographic assessment of LV volume and 2D-echo (contrast),
function 3D-echo (non-contrast)
Nowosielski 2009 52 Patients with first AMI and PCI 2D-echo (non-contrast)
Sarwar 2009 21 Patients with STEMI MDCT 64-slice
Abbate 2010 10 Patients with ST-segment elevation AMI 2D-echo (non-contrast)
Claver 2010 43 Unselected patients who underwent CMR; mixed 3D-echo (non-contrast)
cardiac pathologies
Palumbo 2010 181 Patients with suspected CAD, indexed volumes MDCT 64-slice
Whalley 2010 25 Patients with at least moderate MR due to MV prolapse  2D-echo (non-contrast)
De Jonge 2011 26 Patients referred for CTCA Dual source CT 2x32
Arraiza 2012 25 Patients heart transplant recipients 2D-echo (contrast), dual
source CT 2x32
Bak 2012 111 Patients referred for CTCA before valve surgery 2D-echo (non-contrast),
dual source 2x32
Brodoefel 2012 20 Patients with known or suspected CAD Dual source CT 2x32
Coon 2012 18 Patients with CAD, dilated cardiomyopathy, post-AMI, 3D-echo (non-contrast),
aortic abnormalities and mitral valve disease 3D-echo (contrast)
Fuchs 2012 53 Patients with previous AMI MDCT 64-slice
Greupner 2012 36 Patients referred for CTCA 2D-echo (non-contrast),
3D-echo (non-contrast),
MDCT 64-slice
Lee 2012 30 Patients who had undergone clinically indicated, routine  MDCT 64-slice
CCTA studies
Li 2012 72 Mixed population of cardiac patients 2D-echo (non-contrast)
Maffei 2012 79 Patients referred for CTCA, indexed volumes MDCT 64-slice
Takx 2012 20 Patients with known or suspected CAD Dual source CT 2x32
Total 1998-2013 2888 2D Echo (NC): 32 studies/1663 examinations 50 Echo and 20 CT (5

2D Echo (C): 6 studies/283 examinations

3D Echo (NC): 27 studies/1137 examinations
3D Echo (C): 3 studies/107 examinations
MDCT: 20 studies/842 examinations

of these included echo
and CT)

2D, two-dimensional echo; AMI, acute myocardial infarction; C, contrast; CAD, coronary artery disease; CMR, cardiac MR; COPD, chronic
obstructive pulmonary disease; CTCA, CT coronary angiography; EF, ejection fraction; LV, left ventricular; LVEF, left ventricular ejection
fraction; MDCT, multidetector CT; MV, mitral valve; NC, non-contrast; PCI, percutaneous coronary intervention; STEMI, ST segment elevation
myocardial infarction.

*See online supplementary file for citations.
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Table 2 Summary of meta-regression of differences observed by each method
Mean difference compared to cardiac MR

Year LVEDV (mL) Overall I? LVESV (mL) Overall I? LVEF (%) Overall I?
Imaging modality published (95% CI) p value p value (95% CI) p value p value (95% CI) p value p value
2D-echocardiography Overall —33.26 <0.0001 87% —16.20 <0.0001 73% —0.66 0.38 72%
Volumes N=1579, (—43.42 to —20.65) p<0.0001 (—21.36 to —11.04) <0.0001 (—2.14 to 0.82) <0.0001
LVEF N=1683 <2005 -23.23 0.03 77% -12.15 0.0002 0% 0.05 —2.11 0.08 3% 0.40
(—43.86 to —2.59) p<0.0001 (—18.55 to --5.75) (—4.48 to 0.26)
20052009 -33.49 <0.0001 90% -17.73 <0.0001 81% -0.26 0.81 81%
(—46.88 to —20.09) p<0.0001 (—25.11 to —10.36) <0.0001 (—2.32t0 1.81) <0.0001
>2009 —46.46 0.0004 83% -18.73 0.0006 58% 0.05 -1.14 0.09 0% 0.67
(—72.27 to —20.65) p<0.0001 (—29.46 to —8.01) (—3.03 to 0.21)
2D-echocardiography Overall* -18.05 <0.0001 0% p=0.45 -7.84 0.02 0% p=0.99 -1.03 0.39 0% p=0.61
with contrast (—6.39 to —9.7) (—14.46 to —1.22) (—3.38 to 1.35)
Volumes and LVEF
N=283
3D-echocardiography Overall -14.16 <0.0001 23% p=0.12 -6.49 0.0002 0% p=0.96 0.13 0.81 0% p=1.00
Volumes N=1159, (—18.66 to —9.66) (—9.91 to —3.07) (-0.91 to 1.16)
LVEF N=1104 <2005 -15.14 0.008 0% p=0.49 -6.38 0.07 0% p=0.91 0.25 0.83 0% p=1.00
(—25.17 to —5.12) (—13.36 to 0.60) (—2.09 to 2.59)
20052009 -13.32 <0.0001 43% p=0.01 -6.27 0.003 0% p=0.72 0.02 0.98 0% p=0.99
(—18.64 to —8.01) (-10.41 to —2.13) (=1.20 to 1.23)
>2009 —18.95 0.02 0% p=0.86 -8.77 0.16 0% p=0.84 0.89 0.65 9% p=0.33
(—34.54 to —3.36) (—21.00 to 3.47) (—2.93 to 4.70)
Multidetector CT Overall -1.16 0.45 0% p=0.90 —-0.11 0.93 0% p=0.96 0.86 0.12 0% p=0.55
Volumes N=790, (—4.14 to 1.83) (—2.40 to 2.18) (—0.21 to 1.94)
LVEF N=780 2007-2009 5.21 0.16 0% p=0.74 2.59 0.18 0% p=0.93 0.45 0.51 0% p=0.94
(-2.13 to 12.54) (=1.19 to 6.36) (-1.27 t0 2.17)
>2009 —2.41 0.15 0% p=0.99 —-1.68 0.25 0% p=0.97 1.13 0.11 4% p=0.40
(—5.68 to 0.85) (—4.56 to 1.21) (-0.25 to 2.50)

Values are mean (95% ClI).
*Insufficient number of studies for subgroup analysis.
LVEDV, Left ventricular end-diastolic volume; LVEF, left ventricular ejection fraction; LVESV, left ventricular end-systolic volume.
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2D-Echo (Non-contrast) MRI Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl Year 1V, Random, 95% CI
1.1.1 <2005
Hundley 1998 141.4 56.3 35 139.1 624 35 3.1% 2.30 [-25.54, 30.14] 1998 N
Chuang 2000 180 88 35 200 94 35 2.3% -20.00 [-62.66, 22.66] 2000 — T
Qin 2000 106 29 16 142 47 16 3.1% -36.00 [-63.06, -8.94] 2000 —
Chuang 2001 (Lean) 165 64 12 171 69 12 1.9% -6.00 [-59.25, 47.25] 2001 —_—
Schalla 2001 123 48 34 109 47 34 3.3% 14.00 [-8.58, 36.58] 2001 i
Chuang 2001 (Obese) 190 61 12 221 81 12 1.8% -31.00 [-88.37, 26.37] 2001 —_—
Malm 2004 126.1 52.2 87 177 60.5 87 3.6% -50.90[-67.69, -34.11] 2004 —=
Jenkins 2004 112 38 50 160 53 50 3.5% -48.00[-66.08, -29.92] 2004 —
Subtotal (95% CI) 281 281 22.6% -23.23 [-43.86,-2.59] L 2
Heterogeneity: Tau? = 614.93; Chi? = 30.69, df = 7 (P < 0.0001); I> = 77%
Test for overall effect: Z = 2.21 (P = 0.03)
1.1.2 2005-2009
Caiani 2005 (1) 146 65 44 168 70 44 3.0% -22.00 [-50.23, 6.23] 2005 — I
Lim 2005 111 37 36 131 36 36 3.6% -20.00 [-36.86, -3.14] 2005 =
Dewey 2006 130.4 55.7 30 109.5 57.8 30 3.0% 20.90 [-7.82, 49.62] 2006 M=
Jenkins 2006 110 32 110 180 55 110 3.8% -70.00[-81.89, -58.11] 2006 =
Nigri 2006 (1) 334.5 157 35 393 141 35 1.4% -58.50([-128.41,11.41] 2006 ———— [
Nigri 2006 (2) 193.4 160 35 214 112 35 1.5% -20.60 [-85.30, 44.10] 2006 —
Demir 2007 127.5 42.2 21 91.1 38 21 3.2% 36.40 [12.11, 60.69] 2007 =
Jenkins 2007 (1) 111 29 50 190 54 50 3.6% -79.00[-95.99, -62.01] 2007 =
Jenkins 2007 (2) 110 33 30 168 54 30 3.3% -58.00[-80.65, -35.35] 2007 ==
Giakoumis 2007 123.98 26.48 135 138.02 42.98 135 3.9% -14.04 [-22.56, -5.52] 2007 e
Rutten 2008 110 37.5 78 146.1 47.3 78 3.7% -36.10[-49.50, -22.70] 2008 e
Leonardi 2008 156 57 47 172 62 47 3.3% -16.00 [-40.08, 8.08] 2008 ==
Chukwu 2008 (Post-Ml) 155.8 55.4 34 213.6 65.7 34 3.0% -57.80[-86.69, -28.91] 2008
Chukwu 2008 (Normal) 91.5 20.9 35 130.3 283 35 3.8% -38.80[-50.46,-27.14] 2008 -
Gjesdal 2009 156.9 50.7 61 158.9 52.3 61 3.5% -2.00 [-20.28, 16.28] 2009 —
Gardner 2009 102 42 47 171 62 47 3.4% -69.00[-90.41, -47.59] 2009 —
Garcia-Alvarez 2009 124.6 35.19 65 152.31 37.58 65 3.8% -27.71[-40.23, -15.19] 2009 -
Jenkins 2009 125 54 50 207 79 50 3.1% -82.00[-108.52, -55.48] 2009 ——
Guo 2009 164.9 63.7 51 188 72.7 51 3.1% -23.10 [-49.63, 3.43] 2009 =
Subtotal (95% CI) 994 994 61.1% -33.49 [-46.88, -20.09] L 2
Heterogeneity: Tau? = 723.57; Chi? = 179.55, df = 18 (P < 0.00001); I> = 90%
Test for overall effect: Z = 4.90 (P < 0.00001)
1.1.3 >2009
Abbate 2010 90 27 10 139 36 10 3.1% -49.00[-76.89, -21.11] 2010 —_—
Whalley 2010 144 36 25 235 48 25 3.3% -91.00[-114.52, -67.48] 2010 _—
Bak 2012 133.7 64.4 111 183.3 94 111 3.4% -49.60[-70.80, -28.40] 2012 —
Greupner 2012 105.3 53.4 36 131.1 594 36 3.2% -25.80[-51.89, 0.29] 2012 ==
Li 2012 159.9 54 72 177.1 735 72 3.4% -17.20 [-38.27, 3.87] 2012 =
Subtotal (95% CI) 254 254 16.3% -46.46 [-72.27, -20.65] <
Heterogeneity: Tau? = 717.33; Chi? = 23.70, df = 4 (P < 0.0001); I> = 83%
Test for overall effect: Z = 3.53 (P = 0.0004)
Total (95% CI) 1529 1529 100.0% -33.26 [-43.42, -23.11] L 2
Heterogeneity: Tau? = 673.54; Chi? = 239.74, df = 31 (P < 0.00001); I* = 87%

Test for overall effect: Z = 6.42 (P < 0.00001)
Test for subgroup differences: Chi? = 1.91, df = 2 (P = 0.38), I> = 0%

-100 -50 0 50 100
MRI Larger Echo Larger

Figure 2 Left ventricular end-diastolic volume: 2D echo versus CMR. CMR, cardiac MR; 2D, two-dimensional.

significance. The physician should be aware of the
difference between modalities when applying the
common cutoff for evaluation and follow-up of
patients who frequently undergo different types of
tests. Moreover, the advances in multi-iimaging may
have recently been granted higher accuracy due to
technical improvements and greater experience. These
are the reasons why we sought to assess the difference
in absolute values of bias in volumetric and functional
LV quantification that may help clinical evaluation.
Thus, the aim of our systematic review was to investi-
gate the accuracy of LV assessment by different non-
invasive imaging modalities, with a focus on the mea-
surements adopted for patient management.

MATERIALS AND METHODS

The meta-analysis conforms to the Meta-analysis Of
Observational  Studies in Epidemiology (MOOSE)
guidelines.

Search strategy

The authors developed these strategies for database
searching: the MEDLINE/PubMed database was
searched from January 1995 in consideration of the fact
that the steady state free precession (SSFP) MRI tech-
nique that is currently used for CMR cine images acqui-
sition was only available in the late 1990s. The literature
search was limited to human adults in order to exclude
studies involving children with congenital heart disease
and consequent abnormal cardiac geometry. Abstracts
and articles published in languages other than English
were not excluded. A total of 1604 articles published
over a period of 19years were identified for initial
review: 1020 and 584 in the echocardiography and CT
groups, respectively.

Echocardiographic modalities versus CMR search

The search strategy was determined (by GW and JC)
and the first initial literature search carried out (by SA),
and an updated version (by MR) was then performed,
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2D-Echo (Non-contrast) MRI Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl Year 1V, Random, 95% CI
1.2.1 <2005
Hundley 1998 79.4 53 35 84.2 61.2 35 2.2% -4.80 [-31.62, 22.02] 1998 T
Chuang 2000 94 83 35 110 89 35 1.2% -16.00 [-56.32, 24.32] 2000 — T
Qin 2000 43 12 16 59 24 16 3.9% -16.00 [-29.15, -2.85] 2000 =
Chuang 2001 (Lean) 91 62 12 94 69 12 0.8% -3.00 [-55.48, 49.48] 2001 —_—
Chuang 2001 (Obese) 92 66 12 113 78 12 0.7% -21.00 [-78.81, 36.81] 2001 —
Schalla 2001 63 40 34 52 41 34 3.0% 11.00 [-8.25, 30.25] 2001 T
Jenkins 2004 54 33 50 73 53 50 3.3% -19.00 [-36.31, -1.69] 2004 =
Malm 2004 63 43.8 87 78.7 56.4 87 3.6% -15.70[-30.71, -0.69] 2004 =
Lim 2005 53 25 36 67 33 36 3.9% -14.00 [-27.52, -0.48] 2005 ]
Subtotal (95% Cl) 317 317 22.7% -12.15[-18.55, -5.75] ¢

Heterogeneity: Tau? = 0.00; Chi? = 7.30, df = 8 (P = 0.50); I*> = 0%
Test for overall effect: Z = 3.72 (P = 0.0002)

1.2.2 2005-2009

Caiani 2005 (1) 82 60 44 99 69 44
Nigri 2006 (1) 183.5 105 35 235.6 131 35
Malm 2004 (1) 69.8 48 50 80.9 69.4 50
Dewey 2006 50.5 33.2 30 46 47.5 30
Nigri 2006 (2) 94.8 92 35 127 102 35
Jenkins 2006 59 27 110 93 50 110
Jenkins 2007 (1) 63 25 50 99 51 50
Giakoumis 2007 41.05 14.59 135 45.51 21.05 135
Jenkins 2007 (2) 60 27 30 87 49 30
Demir 2007 59.9 37.6 21 41.8 26.9 21
Chukwu 2008 (Post-MI) 96.4 51.2 34 141.8 69.2 34
Leonardi 2008 72 44 47 79 46 47
Chukwu 2008 (Normal) 30 9.7 35 545 15.4 35
Rutten 2008 55.6 34.8 78 70 45.4 78
Gjesdal 2009 74.4 40.7 61 70.8 39.3 61
Guo 2009 74.5 30.2 51 929 419 51
Gardner 2009 53 28 47 88 47 47
Garcia-Alvarez 2009 68.34 25.33 65 74.76 30.13 65
Jenkins 2009 73 44 50 117 71 50
Subtotal (95% ClI) 1008 1008

Heterogeneity: Tau? = 177.04; Chi? = 95.98, df = 18 (P < 0.00001); I = 81%
Test for overall effect: Z = 4.71 (P < 0.00001)

1.2.3 >2009

Abbate 2010 50 24 10 71 28 10
Whalley 2010 54 14 25 85 21 25
Greupner 2012 51.3 43.7 36 65.6 619 36
Li 2012 71.97 44.74 72 73.82 54.94 72
Bak 2012 48.1 37.4 111 674 494 111
Subtotal (95% ClI) 254 254

Heterogeneity: Tau? = 81.15; Chi® = 9.54, df = 4 (P = 0.05); I = 58%
Test for overall effect: Z = 3.42 (P = 0.0006)

Total (95% CI) 1579 1579
Heterogeneity: Tau? = 131.78; Chi? = 117.95, df = 32 (P < 0.00001); I* = 73%
Test for overall effect: Z = 6.15 (P < 0.00001)

Test for subgroup differences: Chi® = 1.74, df = 2 (P = 0.42), I> = 0%

2.2% -17.00 [-44.02, 10.02] 2005
0.7% -52.10 [-107.72, 3.52] 2006
2.5% -11.10[-34.49, 12.29] 2006
2.8% 4.50 [-16.24, 25.24] 2006
1.0% -32.20[-77.71, 13.31] 2006
4.3% -34.00 [-44.62, -23.38] 2006
3.5% -36.00[-51.74, -20.26] 2007
5.1% -4.46 [-8.78, -0.14] 2007
2.9% -27.00[-47.02, -6.98] 2007
3.0% 18.10 [-1.67, 37.87] 2007
2.0% -45.40[-74.33, -16.47] 2008
3.2% -7.00 [-25.20, 11.20] 2008
4.9% -24.50[-30.53, -18.47] 2008
4.0% -14.40[-27.09, -1.71] 2008
3.8% 3.60 [-10.60, 17.80] 2009
3.8% -18.40[-32.58, -4.22] 2009
3.5% -35.00[-50.64, -19.36] 2009
4.5% -6.42 [-15.99, 3.15] 2009
2.6% -44.00 [-67.15, -20.85] 2009
60.3% -17.73 [-25.11, -10.36]

"JHIWH ’4“ R J

2.6%  -21.00[-43.86, 1.86] 2010 —
4.4% -31.00 [-40.89, -21.11] 2010 -

2.4% -14.30[-39.05, 10.45] 2012 —
3.4%  -1.85[-18.22, 14.52] 2012 —
4.2% -19.30[-30.83,-7.77] 2012 e
17.0% -18.73 [-29.46, -8.01] ®»

100.0% -16.20 [-21.36, -11.04] ¢

-100 -50 0 50 100
MRI Larger Echo Larger

Figure 3 Left ventricular end-systolic volume: 2D echo versus CMR. CMR, cardiac MR; 2D, two-dimensional

using the following search terms: heart OR heart ventri-
cles OR ventric*.mp AND leftmp AND cardiac volume
OR heart volume OR cardiac output OR ventricular
function OR ventricular dysfunction AND echocardiog-
raphy OR echo.mp OR echocardiogram*.mp AND MRI
OR magnetic resonance spectroscopy OR MRIL.mp OR
MR scan.mp OR magnetic resonance scan*.mp. The
titles and abstracts of all studies identified were initially
screened (by SA and MR) and reviewed (by MR and
GW).

CT versus CMR search

The initial search for volumetric comparison between
CT and CMR was conducted using the following search
terms: heart OR cardiac OR ventricular OR ventricle
OR cardiovascular AND volume OR volumes OR volu-
metric OR function OR dysfunction OR cardiac output
AND magnetic resonance OR MRI OR MR OR MRI
AND CT OR CT OR dualsource OR multi-detector OR

MDCT. The titles and abstracts of all studies identified
were initially screened (by SA) and reviewed (by MR
and GW).

All modalities

A cross-reference process was undertaken (by SA) to
search and the studies initially identified in the
separate searches and the final papers were reviewed
by the other authors (MR and GW). The reference
lists were manually searched for potential other
studies, and duplicate studies were identified and
excluded.

Criteria for study selection

We excluded individual case reports, studies involving a
sample size of <10 patients and those that included
patients with unusual geometry (eg, congenital heart
disease, Takotsubo and hypertrophic cardiomyopathy).
Only newer generation CT scanners were included: at
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2D-Echo (Non-contrast) MRI Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl Year IV, Random, 95% CI
1.3.1 <2005
Hundley 1998 47.7 16.9 35 44.7 169 35 2.0%  3.00[-4.92,10.92] 1998 I
Chuang 2000 53 19 35 50 16 35 1.9% 3.00 [-5.23, 11.23] 2000 —
Qin 2000 59 7 16 59 8 16 3.0% 0.00 [-5.21, 5.21] 2000 . E—
Schalla 2001 52 15 34 58 17 34 2.1% -6.00[-13.62, 1.62] 2001 e —
Chuang 2001 (Obese) 56 21 12 53 16 12 0.8% 3.00[-11.94,17.94] 2001
Chuang 2001 (Lean) 50 18 12 51 19 12 0.8% -1.00[-15.81, 13.81] 2001
Jenkins 2004 49 14 50 52 14 50 2.9% -3.00 [-8.49, 2.49] 2004 I
Malm 2004 54 12.5 87 59 14.6 87 3.5% -5.00[-9.04, -0.96] 2004 —
Subtotal (95% Cl) 281 281 17.1% -2.11[-4.48, 0.26] @
Heterogeneity: Tau? = 0.43; Chi? = 7.25, df = 7 (P = 0.40); I = 3%
Test for overall effect: Z = 1.74 (P = 0.08)
1.3.2 2005-2009
Lim 2005 53 12 36 51 14 36 2.7% 2.00 [-4.02, 8.02] 2005 e
Caiani 2005 (1) 49 18 44 46 19 44 2.1%  3.00[-4.73,10.73] 2005 e I —
Hoffmann 2005 50.9 15.3 55 54.1 183 55 0.0%  -3.20[-9.50, 3.10] 2005
Nigri 2006 (1) 50 10 35 50 10 35 3.2% 0.00 [-4.69, 4.69] 2006 . —
Dewey 2006 61.5 11.6 30 63.8 143 30 2.5% -2.30[-8.89, 4.29] 2006 [ —
Jenkins 2006 48 12 110 50 13 110 3.8% -2.00[-5.31, 1.31] 2006 I
Nigri 2006 (2) 58 10 35 59 10 35 3.2%  -1.00[-5.69, 3.69] 2006 o
Demir 2007 55.7 16.4 21 56.4 15.7 21 1.6% -0.70[-10.41, 9.01] 2007 .
Giakoumis 2007 66.87 6.39 135 67.09 7.88 135 4.5% -0.22 [-1.93, 1.49] 2007 -
Jenkins 2007 (2) 46 11 30 49 13 30 2.6% -3.00 [-9.09, 3.09] 2007 — 1
Jenkins 2007 (1) 45 10 50 50 12 50 3.4% -5.00[-9.33,-0.67] 2007 I
Leonardi 2008 55 12 47 56 11 47 3.2% -1.00 [-5.65, 3.65] 2008 T
Rutten 2008 52.4 11.2 78 54.8 123 78 3.7%  -2.40[-6.09, 1.29] 2008 I
Chukwu 2008 (Normal) 67.5 6.6 35 584 6.2 35 4.0% 9.10[6.10, 12.10] 2008 —
Chukwu 2008 (Post-MI) 42 17.4 34 374 159 34 2.0% 4.60 [-3.32, 12.52] 2008 I
Gardner 2009 47 11 47 51 11 47 3.3% -4.00 [-8.45, 0.45] 2009 I
Guo 2009 54.2 9.5 51 50.5 9.8 51 3.6% 3.70 [-0.05, 7.45] 2009 —
Jenkins 2009 43 10 50 47 10 50 3.6% -4.00[-7.92,-0.08] 2009 I
Garcia-Alvarez 2009 46.41 9.24 65 51.99 11.68 65 3.7% -5.58[-9.20, -1.96] 2009 I
Gjesdal 2009 49.1 9.9 61 57.1 12.2 61 3.6% -8.00[-11.94, -4.06] 2009 —
Nowosielski 2009 (BL) 51.2 8.1 52 442 11.6 52 3.6% 7.00 [3.15, 10.85] 2009 I
Nowosielski 2009 (FU) 54.5 8.3 52 49.2 11.1 52 3.6% 5.30[1.53, 9.07] 2009 I
Subtotal (95% CI) 1098 1098 67.5% -0.26 [-2.32, 1.81] ‘
Heterogeneity: Tau? = 17.29; Chi? = 103.75, df = 20 (P < 0.00001); I*> = 81%
Test for overall effect: Z = 0.24 (P = 0.81)
1.3.3 >2009
Whalley 2010 62 6 25 64 4 25 4.1%  -2.00[-4.83,0.83] 2010 T
Abbate 2010 49 12 10 50 11 10 1.5% -1.00[-11.09, 9.09] 2010 —
Bak 2012 65.5 8.6 111 66 9.5 111 4.2% -0.50[-2.88, 1.88] 2012 "
Greupner 2012 56.3 14.7 36 55.6 16 36 2.3% 0.70 [-6.40, 7.80] 2012 I —
Li 2012 57.49 12.41 72 61.43 14.34 72 3.4%  -3.94[-8.32,0.44] 2012 -
Subtotal (95% CI) 254 254 15.4% -1.41[-3.03,0.21] <&
Heterogeneity: Tau? = 0.00; Chi? = 2.35, df = 4 (P = 0.67); I> = 0%
Test for overall effect: Z = 1.71 (P = 0.09)

Total (95% CI)

1633

1633 100.0%

Heterogeneity: Tau? = 11.98; Chi? = 117.79, df = 33 (P < 0.00001); I = 72%

Test for overall effect: Z = 0.87 (P = 0.38)

-0.66 [-2.14, 0.82]

ol @

-10 10
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-20
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Test for subgroup differences: Chi? = 1.43, df = 2 (P = 0.49), I> = 0%

Figure 4 Left ventricular ejection fraction: 2D echo versus CMR. CMR,

least MDCT 64 slice or dual source CT (DSCT) 2x32
slice for their improved temporal resolution and Z-axis
coverage. Following these exclusions, 351 echocardiog-
raphy and 93 MDCT articles were available for full

review.

Data extraction

cardiac MR; 2D, two-dimensional

Data were extracted and recorded in an electronic data-
base including: number of patients who received echo-
cardiography, CT and MRI; and group mean values and
SDs for LV end-diastolic volume (LVEDV), LV end-

2D-Echo (Contrast) MRI Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% Cl Year 1V, Fixed, 95% CI
Hundley 1998 134 60.9 35 139.1 62.4 35 8.4% -5.10[-33.99, 23.79] 1998 —
Malm 2004 152.2 55.1 87 177 60.5 87 23.6% -24.80[-42.00,-7.60] 2004 —
Lim 2005 121 41 36 131 36 36 21.9% -10.00[-27.82, 7.82] 2005 —
Jenkins 2009 172 58 50 207 79 50 9.4% -35.00[-62.17,-7.83] 2009 —_—
Arraiza 2012 86.7 24.2 25 103.8 25.5 25 36.7% -17.10[-30.88,-3.32] 2012 ——
Total (95% CI) 233 233 100.0% -18.05 [-26.39, -9.70]

Heterogeneity: Chi® = 3.66, df = 4 (P = 0.45); I = 0%
Test for overall effect: Z = 4.24 (P < 0.0001)

~100 -50

0 50 100

MRI Larger Echo Larger

Figure 5 Left ventricular end-diastolic volume: 2D echo with contrast versus CMR. CMR, cardiac MR; 2D, two-dimensional.
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2D-Echo (Contrast) MRI Mean Difference Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Fixed, 95% Cl Year 1V, Fixed, 95% CI
Hundley 1998 78.6 58.9 35 84.2 61.2 35 5.5% -5.60[-33.74, 22.54] 1998 ——
Malm 2004 71.1 48.7 87 78.7 56.4 87 17.9% -7.60[-23.26, 8.06] 2004 =
Lim 2005 61 31 36 67 33 36 20.0% -6.00[-20.79, 8.79] 2005 —=
Malm 2004 (1) 72.1 48.6 50 80.9 69.4 50 7.9% -8.80[-32.28, 14.68] 2006 —T
Jenkins 2009 100 51 50 117 71 50 7.5% -17.00[-41.23,7.23] 2009 [
Arraiza 2012 29.4 18.7 25 36.7 18.5 25 41.2% -7.30[-17.61, 3.01] 2012 -
Total (95% ClI) 283 283 100.0% -7.84 [-14.46, -1.22] ¢

PP - — — 212 — No ; t t {
Heterogeneity: Chi* = 0.65, df = 5 (P = 0.99); I° = 0% 00 —to ) 50 100

Test for overall effect: Z = 2.32 (P = 0.02)

MRI Larger Echo Larger

Figure 6 Left ventricular end-systolic volume: 2D echo with contrast versus CMR. CMR, cardiac MR; 2D, two-dimensional.

systolic volume (LVESV) and LVEF. Where the article
content was insufficient, the corresponding or senior
authors of the studies were contacted for further infor-
mation. In the case of potential duplicate publications,
clarification was sought from the authors and the largest
single published data set was used for the systematic
review. At the same time, additional references to either
published or unpublished studies were sought.

Statistical analysis

Analyses of the collected data were performed using the
Cochrane Collaboration Program Review Manager V.5.2
software. Data were collected from individual studies
and weighted according to number of patients in the
sample. Mean LVEDV, LVESV, LVEF and correspondent
SD were used to calculate a pool estimate of the three
parameters. The x* test was adopted to determine het-
erogeneity. Study variation due to heterogeneity was
evaluated with inconsistency (I%). 12 values >30% were
considered as significant variation. Funnel plots were
used to evaluate study-level and publication bias.
Absolute pooled mean values and CIs (95%) were tested
with the fixed effect model of Mantel-Hanszel in case of
homogeneity, and with the random effect model of
DerSimonian-Laird if heterogeneity was reported. A p
value <0.05 was considered significant.

RESULTS

We identified 1020 echocardiography and 584 CT publi-
cations. Of these, 351 and 93 were considered poten-
tially eligible. Two additional studies were found from a
cross-reference check of relevant studies. After screening

2D-Echo (Contrast) MRI

the full-text articles for relevance and eligibility, 50 arti-
cles comparing echocardiography to MRI and 20 studies
comparing CT to MRI remained (figure 1). Owing to
the overlap of five studies that analysed both echocardi-
ography and CT versus MRI, the total number of studies
included was 65 (table 1, reference list is available as
online supplementary data). All the articles or abstracts
were published in peer-review journals.

2D Echocardiography and CMR comparison

Overall, 2888 patients (4032 scans) were included.
Compared to CMR, there were significant differences in
LVEDV and LVESV, with observed high levels of hetero-
geneity (87%) and bias from funnel plots (table 2,
figures 2 and 3). Although a significant bias was not
detected for LVEF (mean difference: —0.78% (95% CI
—2.24% to —0.68)), similar high levels of heterogeneity
(72%) and bias were observed (table 2 and figure 4).
This heterogeneity renders the calculated mean differ-
ence unreliable, but it does highlight a clinically
relevant underestimation of the volumes and supports
the overall findings that these methods are not
interchangeable.

2D echocardiography with contrast and CMR comparison
When contrast was added to 2DE, significant differences
in LVEDV and LVESV remained: CE-2DE underesti-
mated both volume measurements (table 2, figures 5
and 6) but LVEF was similar compared to CMR and
neither heterogeneity nor bias was seen (table 2 and
figure 7).

Mean Difference Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% Cl Year 1V, Fixed, 95% ClI
Hundley 1998 46.3 16.8 35 44.7 16.9 35 8.9% 1.60[-6.29, 9.49] 1998
Malm 2004 57 13.3 87 59 14.6 87 32.2% -2.00[-6.15, 2.15] 2004
Lim 2005 51 14 36 51 14 36 13.2% 0.00[-6.47,6.47] 2005
Jenkins 2009 44 12 50 47 10 50 29.5% -3.00[-7.33, 1.33] 2009
Arraiza 2012 67.3 10.4 25 65.1 10.7 25 16.2% 2.20[-3.65, 8.05] 2012

Total (95% CI) 233
Heterogeneity: Chi? = 2.70, df = 4 (P = 0.61); I = 0%
Test for overall effect: Z = 0.86 (P = 0.39)

233

100.0% -1.03 [-3.38, 1.32]

100

~100 -50 0 50
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Figure 7 Left ventricular ejection fraction: 2D echo with contrast versus CMR. CMR, cardiac MR; 2D, two-dimensional.
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3D-Echo (Non-contrast) MRI Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% Cl Year 1V, Fixed, 95% CI
3.1.1 <2005
Nosir 1999 182 76 40 181 76 40 1.8% 1.00 [-32.31, 34.31] 1999 —_—
Schmidt 1999 149 66 25 182 76 25 1.3% -33.00 [-72.46, 6.46] 1999 T
Nosir 2000 217 95 21 218 98 21 0.6% -1.00 [-59.38, 57.38] 2000 I
Qin 2000 120 37 16 142 47 16 2.4% -22.00 [-51.31, 7.31] 2000 —T
Chuang 2000 195 91 35 196 91 35 1.1% -1.00 [-43.64, 41.64] 2000 I E—
Chuang 2001 (Lean) 167 65 12 171 69 12 0.7% -4.00 [-57.63, 49.63] 2001 —_—
Chuang 2001 (Obese) 217 82 12 221 81 12 0.5% -4.00[-69.21,61.21] 2001
Mannaerts 2003 100.6 26.5 17 1405 403 17  3.8% -39.90[-62.83,-16.97] 2003 —_—
Zeidan 2003 108 32 15 114 36 15 3.4% -6.00[-30.38, 18.38] 2003 —
Jenkins 2004 153 55 50 160 53 50 4.5% -7.00[-28.17, 14.17] 2004 —1
Subtotal (95% CI) 243 243 20.1% -15.14[-25.17, -5.12] L 2
Heterogeneity: Chi® = 8.41, df = 9 (P = 0.49); I = 0%
Test for overall effect: Z = 2.96 (P = 0.003)
3.1.2 2005-2009
Caiani 2005 (1) 162 68 44 168 70 44 2.4% -6.00 [-34.84, 22.84] 2005 e
Corsi 2005 143 42 16 140 41 16 2.4% 3.00 [-25.76, 31.76] 2005 i
Krenning 2006 177 40 15 186 41 15 2.4% -9.00 [-37.99, 19.99] 2006 —=
Chan 2006 169 61 30 179 56 30 2.3% -10.00[-39.63, 19.63] 2006 I
Nikitin 2006 202 74 64 195 72 64 3.2% 7.00 [-18.30, 32.30] 2006 =
Sugeng 2006 207 104 31 212 106 31 0.7% -5.00 [-57.27, 47.27] 2006 A
Jenkins 2006 164 49 110 180 55 110 10.7% -16.00[-29.77,-2.23] 2006 e
Soliman 2007 165 50 53 175 51 53 5.5% -10.00 [-29.23, 9.23] 2007 S
Jenkins 2007 (2) 155 37 30 168 54 30 3.7% -13.00 [-36.42, 10.42] 2007 A
Qi 2007 117.36 53.24 58 139.45 59.18 58 4.8% -22.09[-42.58,-1.60] 2007 —=
Jenkins 2007 (1) 173 43 50 190 54 50 5.5% -17.00 [-36.13, 2.13] 2007 .
Krenning 2007 198 60 39 218 70 39 2.4% -20.00 [-48.94, 8.94] 2007 I
Soliman 2008 213 63 24 221 54 24 1.8% -8.00 [-41.20, 25.20] 2008 ]
Mor-Avi 2008 160 70 92 227 100 92 3.3% -67.00[-91.94, -42.06] 2008 —=
Chukwu 2008 (Post-MI) 208.8 68.2 34 213.6 65.7 34 2.0% -4.80 [-36.63, 27.03] 2008 —f
Chukwu 2008 (Normal) 131.4 28.9 35 130.3 283 35 11.3% 1.10 [-12.30, 14.50] 2008 -
Pouleur 2008 167 68 83 187 70 83 4.6% -20.00 [-41.00, 1.00] 2008 =
Jenkins 2009 177 64 50 207 79 50 2.5% -30.00[-58.18, -1.82] 2009 —=
Subtotal (95% CI) 858 858 71.6% -13.32[-18.64,-8.01] ¢
Heterogeneity: Chi? = 29.85, df = 17 (P = 0.03); I = 43%
Test for overall effect: Z = 4.91 (P < 0.00001)
3.1.3 >2009
Claver 2010 132.4 49.8 43 1545 51.7 43 4.4% -22.10 [-43.56, -0.64] 2010 —x—
Coon 2012 202 62 18 211 63 18 1.2% -9.00 [-49.83, 31.83] 2012 —a
Greupner 2012 112.8 58.7 36 131.1 59.4 36 2.7% -18.30 [-45.58, 8.98] 2012 b
Subtotal (95% CI) 97 97 8.3% -18.95 [-34.54, -3.36] <
Heterogeneity: Chi? = 0.31, df = 2 (P = 0.86); I> = 0%
Test for overall effect: Z = 2.38 (P = 0.02)
Total (95% CI) 1198 1198 100.0% -14.16 [-18.66, -9.66] ¢

it Chi2 — - - e t + t +

Heterogeneity: Chi* = 39.08, df = 30 (P = 0.12); I*> = 23% 100 %o ) 5o 100

Test for overall effect: Z = 6.17 (P < 0.00001)
Test for subgroup differences: Chi? = 0.49, df = 2 (P = 0.78), 1> = 0%

MRI Larger Echo Larger

Figure 8 Left ventricular end-diastolic volume: 3D echo versus CMR. CMR, cardiac MR; 3D, three-dimensional.

3D echocardiography and CMR comparison

Using 3DE further reduced the absolute size of the bias,
but significant underestimation remained for LVEDV
and LVESV (table 2, figures 8 and 9). However LVEF
was similar and neither heterogeneity nor bias was seen
(table 2 and figure 10).

CT and CMR comparison

Of the 20 CT studies that were included, 12 adopted a
64-slice MDCT, while the remaining eight employed a
dual source technology (2x32 slices). No differences
were observed between CT and CMR for any volume or
LVEF measure, and heterogeneity was uniformly absent;
also, the funnel plots revealed no bias (table 2 and
figures 11-13).

When considered over time, no significant differences
in the summary statistics were seen for any measure or
modality with widely overlapping ClIs, suggesting no
obvious impact of improved technology over this time
period.

DISCUSSION

To the best of our knowledge, this is the first
meta-analysis to evaluate all of the most commonly avail-
able non-invasive modalities for LV volume and LVEF
quantification over nearly two decades of literature
search. Our data show that 3DE provides the highest
accuracy for LVEF quantification, while newer gener-
ation CT is the most precise method for assessment of
LV volumes, when compared to CMR. Moreover, 2DE
(non-contrast and contrastenhanced) significantly
underestimates LV volumes.

Despite the clinical importance of LV volumetric and
functional quantification, no consensus remains on the
best modality for assessment. Although it is acknowl-
edged that bias may occur, the absolute differences in
LV volumes and LVEF by various imaging methods are
largely unquantifiable. It is important to determine,
and quantify, if there is a significant absolute bias
between modalities especially for follow-up that now-
adays is increasingly performed with different types of
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3D-Echo (Non-contrast) MRI Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Fixed, 95% Cl Year 1V, Fixed, 95% CI
3.2.1 <2005
Nosir 1999 122 77 40 120 76 40 1.0% 2.00 [-31.53, 35.53] 1999 —E=
Schmidt 1999 70 35 25 70 43 25 2.5% 0.00 [-21.73, 21.73] 1999 N
Qin 2000 50 17 16 59 24 16 5.6% -9.00 [-23.41, 5.41] 2000 e
Chuang 2000 104 90 35 105 91 35 0.6% -1.00 [-43.40, 41.40] 2000 =i
Nosir 2000 155 99 21 154 98 21 0.3% 1.00 [-58.58, 60.58] 2000 —
Chuang 2001 (Obese) 112 80 12 113 78 12 0.3% -1.00 [-64.22, 62.22] 2001
Chuang 2001 (Lean) 93 65 12 94 69 12 0.4% -1.00 [-54.63, 52.63] 2001 I E—
Zeidan 2003 43 18 15 47 21 15 6.0%  -4.00[-18.00, 10.00] 2003 -
Mannaerts 2003 40.8 20.7 17 60.6 28.5 17 4.2% -19.80 [-36.54, -3.06] 2003 —=
Jenkins 2004 74 47 50 73 53 50 3.0% 1.00 [-18.63, 20.63] 2004 =
Subtotal (95% ClI) 243 243 24.0% -6.38 [-13.36, 0.60]
Heterogeneity: Chi? = 4.01, df = 9 (P = 0.91); I> = 0%
Test for overall effect: Z = 1.79 (P = 0.07)
3.2.2 2005-2009
Corsi 2005 67 36 16 64 34 16 2.0% 3.00 [-21.26, 27.26] 2005 e
Caiani 2005 (1) 96 64 44 99 69 44 1.5% -3.00 [-30.81, 24.81] 2005 T
Sugeng 2006 121 85 31 126 96 31 0.6% -5.00 [-50.14, 40.14] 2006 S —
Krenning 2006 96 25 15 99 28 15 3.2% -3.00 [-22.00, 16.00] 2006 -
Nikitin 2006 121 66 64 117 68 64 2.2% 4.00 [-19.22, 27.22] 2006 —E
Chan 2006 95 48 30 96 54 30 1.7%  -1.00 [-26.85, 24.85] 2006 b
Jenkins 2006 83 39 110 93 50 110 8.3% -10.00 [-21.85, 1.85] 2006 =
Jenkins 2007 (2) 80 33 30 87 49 30 2.6% -7.00 [-28.14, 14.14] 2007 [
Jenkins 2007 (1) 91 38 50 99 51 50 3.8% -8.00 [-25.63, 9.63] 2007 ==
Qi 2007 64.3 46.8 58 79.75 57.26 58 3.2% -15.45 [-34.48, 3.58] 2007 —=
Krenning 2007 116 58 39 125 69 39 1.5%  -9.00 [-37.29, 19.29] 2007 S
Soliman 2007 69 48 53 74 51 53 3.3% -5.00 [-23.86, 13.86] 2007 i
Soliman 2008 122 69 24 127 61 24 0.9% -5.00 [-41.85, 31.85] 2008 ——
Pouleur 2008 88 56 83 101 65 83 3.4% -13.00 [-31.46, 5.46] 2008 ===
Chukwu 2008 (Normal) 52.5 13.6 35 545 154 35  25.2% -2.00 [-8.81, 4.81] 2008 -
Chukwu 2008 (Post-Ml) 137.5 67.4 34 141.8 69.2 34 1.1% -4.30 [-36.77, 28.17] 2008 —
Mor-Avi 2008 103 71 92 144 99 92 1.9% -41.00 [-65.89, -16.11] 2008 —=
Jenkins 2009 100 57 50 117 71 50 1.8% -17.00 [-42.24, 8.24] 2009 —r=
Subtotal (95% ClI) 858 858 68.2% -6.27 [-10.41, -2.13] ¢
Heterogeneity: Chi? = 13.22, df = 17 (P = 0.72); I> = 0%
Test for overall effect: Z = 2.97 (P = 0.003)
3.2.3 >2009
Claver 2010 60.4 32.2 43 66.5 393 43 5.1% -6.10 [-21.29, 9.09] 2010 ==
Greupner 2012 52.6 48.4 36 65.6 619 36 1.8% -13.00[-38.67,12.67] 2012 —— 1
Coon 2012 122 48 18 137 58 18 1.0% -15.00[-49.78, 19.78] 2012 1
Subtotal (95% Cl) 97 97 7.8% -8.77 [-21.00, 3.47] Bt
Heterogeneity: Chi? = 0.35, df = 2 (P = 0.84); I> = 0%
Test for overall effect: Z = 1.40 (P = 0.16)
Total (95% ClI) 1198 1198 100.0% -6.49 [-9.91, -3.07] }

it Chi2 = - - 2= ' ' } +

Heterogeneity: Chi* = 17.72, df = 30 (P = 0.96); I* = 0% 100 %o ) 50 100

Test for overall effect: Z = 3.72 (P = 0.0002)
Test for subgroup differences: Chi? = 0.15, df = 2 (P = 0.93), I> = 0%

MRI Larger Echo Larger

Figure 9 Left ventricular end-systolic volume: 3D echo versus CMR. CMR, cardiac MR; 3D, three-dimensional.

tests. This may impact considerably on clinical manage-
ment of various cardiac conditions, particularly in
patients with borderline LV volumes and LVEF values. A
better comprehension of their parameter variability
between tests may enhance therapeutic decisions. Small
studies evaluating echocardiography and CT in com-
parison to CMR demonstrated controversial results.
Greupner et al'* reported the CT superiority in assessing
all three global LV parameters compared to 2DE, 3DE
and ventriculography when CMR values are used as ref-
erence standard. Interestingly, 3DE did not perform
better than 2DE, in contrast with previous reports and
prior meta-analyses.® ? '° In our study, despite the
underestimation of LV volume by 3DE, almost no differ-
ence was seen for LVEF when compared to CMR. The
underestimation of volumes observed is concordant
with the results of two previous meta-analyses® * that
evaluated the sources of bias and limits of agreement
affecting 3DE. When LV function was considered, there
was no difference in bias between 2DE and 3DE, with

only a modest difference in variance.® In contrast to
these previous studies, we decided to focus on the abso-
lute difference between LV parameters and to exclude
the cardiac conditions that markedly alter geometric
shape. In fact, the inclusion of major anatomical ven-
tricular alterations (eg, congenital and primary cardio-
myopathies) may have influenced prior results,
especially when 2DE geometrically based assessments
were compared. These former systematic reviews
included congenital heart abnormalities in which the
global ventricular structure was markedly changed. This
may have resulted in an unfair comparison for 2DE
versus 3D modalities considering that congenital dis-
eases represent a significantly reduced proportion of
most common everyday clinical practice. Our data
confirm that, even excluding limited cardiac diseases in
which echocardiography has known limitations, 2DE
and 3DE significantly underestimate LV volumes.
Although 3DE relies on fewer geometrical assumptions
than 2DE and approximately halves the absolute bias of
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3D-Echo (Non-contrast) MRI Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Fixed, 95% Cl Year 1V, Fixed, 95% CI
3.3.1 <2005
Nosir 1999 38 18 40 39 18 40 1.7% -1.00 [-8.89, 6.89] 1999 ——
Chuang 2000 52 17 35 52 17 35 1.7% 0.00 [-7.96, 7.96] 2000 _
Qin 2000 59 6 16 59 8 16 4.5% 0.00 [-4.90, 4.90] 2000 . E—
Nosir 2000 34 17.9 21 34.7 179 21 0.9% -0.70[-11.53, 10.13] 2000 —
Chuang 2001 (Obese) 52 17 12 53 16 12 0.6% -1.00[-14.21, 12.21] 2001 —
Chuang 2001 (Lean) 50 18 12 51 19 12 0.5% -1.00[-15.81, 13.81] 2001
Zeidan 2003 62 6 15 60 8 15 4.2% 2.00 [-3.06, 7.06] 2003 1=
Mannaerts 2003 60.3 12.2 17 57.4 13.6 17 1.4% 2.90[-5.78, 11.58] 2003 s
Jenkins 2004 51 12 50 52 14 50 4.1% -1.00 [-6.11, 4.11] 2004 T
Subtotal (95% CI) 218 218 19.6% 0.25 [-2.09, 2.59] R 2
Heterogeneity: Chi? = 1.25, df = 8 (P = 1.00); I = 0%
Test for overall effect: Z = 0.21 (P = 0.83)
3.3.2 2005-2009
Corsi 2005 55 13 16 56 12 16 1.4% -1.00 [-9.67, 7.67] 2005 | I
Caiani 2005 (1) 45 17 44 46 19 44 1.9% -1.00[-8.53,6.53] 2005 S E—
Nikitin 2006 43 15 64 44 16 64 3.7% -1.00 [-6.37, 4.37] 2006 I —
Jenkins 2006 51 10 110 50 13 110 11.4% 1.00 [-2.06, 4.06] 2006 -T—
Sugeng 2006 47 15 31 46 16 31 1.8% 1.00 [-6.72, 8.72] 2006 —
Jenkins 2007 (1) 49 10 50 50 12 50 5.7% -1.00 [-5.33, 3.33] 2007 =
Krenning 2007 43 13 39 45 5 39 5.6% -2.00 [-6.37, 2.37] 2007 e
Jenkins 2007 (2) 49 11 30 49 13 30 2.9% 0.00 [-6.09, 6.09] 2007 —t—
Qi 2007 48.99 12.99 58 47.32 16.86 58 3.6% 1.67 [-3.81, 7.15] 2007 — -
Soliman 2007 61 18 53 61 17 53 2.4% 0.00 [-6.67, 6.67] 2007 . E—
Chukwu 2008 (Post-MI) 37.5 14.4 34 37.4 159 34 2.1% 0.10 [-7.11, 7.31] 2008 S
Pouleur 2008 50 14 83 50 16 83 5.1% 0.00 [-4.57, 4.57] 2008 i
Mor-Avi 2008 39 15 92 42 17 92 5.0% -3.00 [-7.63, 1.63] 2008 T
Chukwu 2008 (Normal) 60.1 6 35 58.4 6.2 35  13.1% 1.70 [-1.16, 4.56] 2008 =
Soliman 2008 47 15 24 48 14 24 1.6% -1.00 [-9.21, 7.21] 2008 —T
Jenkins 2009 47 12 50 47 10 50 5.7% 0.00 [-4.33, 4.33] 2009 —f
Subtotal (95% CI) 813 813 73.0% 0.02 [-1.20, 1.23] ¢
Heterogeneity: Chi? = 5.12, df = 15 (P = 0.99); I> = 0%
Test for overall effect: Z = 0.03 (P = 0.98)
3.3.3 >2009
Claver 2010 56.7 12.8 43 59 143 43 3.3%  -2.30[-8.04, 3.44] 2010 —_—
Coon 2012 41 10 18 37 11 18 2.3% 4.00 [-2.87,10.87] 2012 —
Greupner 2012 58.3 17:2 36 55.6 16 36 1.8%  2.70[-4.97,10.37] 2012 — =
Subtotal (95% CI) 97 97 7.4% 0.89 [-2.93, 4.70]
Heterogeneity: Chi? = 2.19, df = 2 (P = 0.33); I> = 9%
Test for overall effect: Z = 0.45 (P = 0.65)
Total (95% CI) 1128 1128 100.0% 0.13 [-0.91, 1.16]

£ » 22 o &% - + 4 1 1

Heterogeneity: Chi? = 8.75, df = 27 (P = 1.00); I = 0% 0 o ) 10 20

Test for overall effect: Z = 0.24 (P = 0.81)
Test for subgroup differences: Chi? = 0.20, df = 2 (P = 0.91), I> = 0%
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Figure 10 Left ventricular ejection fraction: 3D echo versus CMR. CMR, cardiac MR; 3D, three-dimensional.

underestimation, it still performs worse than CT, com-
pared with CMR. This is probably due to the reduced
spatial resolution and consequent lack of precision in
distinguishing myocardial trabeculations and endocar-
dial borders.” '® 17

The highest spatial resolution of CT and its similar 3D
reconstruction method to CMR may explain the perfect
agreement observed in quantification of volumes. Our
results are complementary to two previous systemic
reviews comparing CT and CMR, one on older and one
on newer generation scanners.'® '’ These have shown a
good agreement for LVEE, but no analysis of LV volumes
bias compared to CMR was performed. However, our
data suggest that functional evaluation is not as good as
echocardiography when compared to CMR. Although
CT has the disadvantages of risk radiation and iodinated
contrast exposure, it remains a useful method for
second-level cardiac anatomical evaluation in those
patients with contraindications to MRI (eg, implanted
devices, claustrophobia) and its use has more than
doubled over the past 10 years.'” Possible explanations

of the reduced performance in functional assessment
should consider the substantial differences in LV assess-
ment between the various imaging modalities. First of
all, with the exception of the newest whole-heart
320-slice scanner, CT acquires the cardiac volume in
more heartbeats in contrast to echocardiography, by
which LV evaluation is performed on a single heart beat
acquisition. Furthermore, B-blockers commonly adminis-
tered prior to cardiovascular and coronary CT scans to
lower heart rate and limit cardiac motion-related arte-
facts, may directly affect the evaluation of LV function.
Finally, most studies evaluating 2DE and 3DE have com-
monly excluded patients with poor echocardiographic
views, leading to an overestimation of echocardiographic
accuracy compared to routine practice. When good
images are available, 3DE improves the accuracy and
reproducibility of LV volume and EF measurements
overall.”’

In addition to these considerations, although CMR is
the gold standard for LV quantification, there still are sig-
nificant limitations in LV quantification when comparing
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MDCT MRI Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Fixed, 95% Cl Year 1V, Fixed, 95% CI
5.1.1 2007-2009
Brodoefel 2007 148.6 55.2 20 146.4 56.6 20 0.7%  2.20[-32.45, 36.85] 2007 —
Schlosser 2007 164.2 52.5 21 1442 46.7 21 1.0% 20.00 [-10.05, 50.05] 2007 T
Bastarrika 2008 113.47 24.37 12 96.88 20.71 12 2.7% 16.59 [-1.50, 34.68] 2008 —
Busch 2008 135.8 41.9 15 132.1 40.8 15 1.0%  3.70[-25.90, 33.30] 2008 —_——
Puesken 2008 159.3 54.8 28 178.8 63.2 28 0.9% -19.50[-50.48, 11.48] 2008 —_—
Wu 2008 171.2 739 41 172.2 74.8 41 0.9% -1.00[-33.19,31.19] 2008 e
Akram 2009 121.9 35.7 20 117.2 24.6 20 2.5%  4.70[-14.30, 23.70] 2009 i
Guo 2009 193.7 77.8 51 188 72.8 51 1.0% 5.70 [-23.54, 34.94] 2009 —r—
Sarwar 2009 118 21 21 115 20 21 5.8% 3.00 [-9.40, 15.40] 2009 -+
Subtotal (95% CI) 229 229 16.5% 5.21 [-2.13, 12.54]

Heterogeneity: Chi? = 5.20, df = 8 (P = 0.74); I = 0%
Test for overall effect: Z = 1.39 (P = 0.16)

5.1.2 >2009

Palumbo 2010 71 19 181 74 23 181 47.1% -3.00 [-7.35, 1.35] 2010 @

De Jonge 2011 185.2 53.2 26 188 52 26 1.1% -2.80[-31.40, 25.80] 2011 . I
Lee 2012 113.27 27.77 30 114.88 25.76 30 4.8% -1.61[-15.16, 11.94] 2012 —
Takx 2012 156.9 43.1 20 158.9 459 20 1.2% -2.00[-29.59, 25.59] 2012 .
Brodoefel 2012 151.6 53.6 20 147.5 54.9 20 0.8%  4.10 [-29.53, 37.73] 2012 ——
Arraiza 2012 102.7 23 25 103.8 25.5 25 4.9% -1.10[-14.56, 12.36] 2012 e
Bak 2012 167.4 819 111 1833 94 111 1.7% -15.90[-39.09, 7.29] 2012 =
Fuchs 2012 164 43 53 162 41 53 3.5% 2.00 [-14.00, 18.00] 2012 [
Greupner 2012 137.3 50 36 131.1 59.4 36 1.4% 6.20 [-19.16, 31.56] 2012 1T
Maffei 2012 74 21 79 76 25 79  17.1% -2.00 [-9.20, 5.20] 2012 -
Subtotal (95% CI) 581 581 83.5% -2.41 [-5.68, 0.85] [

Heterogeneity: Chi? = 2.31, df = 9 (P = 0.99); I = 0%
Test for overall effect: Z = 1.45 (P = 0.15)

Total (95% CI) 810 810 100.0% -1.16 [-4.14, 1.83] ¢
Heterogeneity: Chi? = 10.98, df = 18 (P = 0.90); I = 0% — — t 1
Test for overall effect: Z = 0.76 (P = 0.45) 100 MR??argerOMDC‘I'SIOargerlOO

Test for subgroup differences: Chi? = 3.46, df = 1 (P = 0.06), I*> = 71.1%

Figure 11 Left ventricular end-diastolic volume: CT versus CMR. CMR, cardiac MR.

MDCT MRI Mean Difference Mean Difference
Study or Subgroup  Mean SD Total Mean SD Total Weight IV, Fixed, 95% Cl Year 1V, Fixed, 95% CI
5.2.1 2007-2009
Schlosser 2007 77.3 46.6 21 63.8 47.3 21 0.7% 13.50[-14.90, 41.90] 2007 -
Brodoefel 2007 70.5 35.2 20 69.1 35.8 20 1.1% 1.40 [-20.60, 23.40] 2007 ——
Bastarrika 2008 35.43  6.42 12 30.49 6.82 12 18.7% 4.94 [-0.36, 10.24] 2008 il
Puesken 2008 71.8 47.8 28 82.5 56.4 28 0.7% -10.70[-38.08, 16.68] 2008 —e—
Wu 2008 94.8 68.3 41 93.9 68.7 41 0.6%  0.90[-28.75, 30.55] 2008 —r
Busch 2008 54.9 29.6 15 57.6 27.3 15 1.3% -2.70[-23.08, 17.68] 2008 —
Akram 2009 42.5 16.6 20 425 14.6 20 5.6% 0.00 [-9.69, 9.69] 2009 e o
Sarwar 2009 51 15 21 51 15 21 6.4% 0.00 [-9.07, 9.07] 2009 ks 2
Guo 2009 94.5 443 51 929 42 51 1.9% 1.60 [-15.15, 18.35] 2009 —_——
Subtotal (95% CI) 229 229 36.8% 2.59 [-1.19, 6.36] »

Heterogeneity: Chi® = 3.11, df = 8 (P = 0.93); I> = 0%
Test for overall effect: Z = 1.34 (P = 0.18)

5.2.2 >2009

Palumbo 2010 35 18 181 36 22 181 30.6% -1.00 [-5.14, 3.14] 2010 »
De Jonge 2011 74.2 25 26 81 27 26 2.6% -6.80[-20.94, 7.34] 2011 =
Maffei 2012 37 19 79 38 23 79 12.1% -1.00 [-7.58, 5.58] 2012 & o
Takx 2012 66.4 42.8 20 60.7 45.7 20 0.7% 5.70 [-21.74, 33.14] 2012 —_—r
Arraiza 2012 37.9 19 25 36.7 18.5 25 4.9% 1.20 [-9.20, 11.60] 2012 -
Bak 2012 60.2 49.4 111 67.4 494 111 3.1% -7.20 [-20.20, 5.80] 2012 =%r
Greupner 2012 65.7 51.7 36 65.6 61.9 36 0.8% 0.10 [-26.25, 26.45] 2012 I
Fuchs 2012 66 36 53 74 34 53 3.0% -8.00 [-21.33, 5.33] 2012 e
Brodoefel 2012 69.2 32.7 20 67.5 32.9 20 1.3% 1.70 [-18.63, 22.03] 2012 =
Lee 2012 42.86 22.57 30 45.61 21.9 30 4.1% -2.75 [-14.00, 8.50] 2012 -
Subtotal (95% CI) 581 581 63.2% -1.68 [-4.56, 1.21] [

Heterogeneity: Chi® = 2.94, df = 9 (P = 0.97); I> = 0%
Test for overall effect: Z = 1.14 (P = 0.25)

Total (95% ClI) 810 810 100.0% -0.11 [-2.40, 2.18]

it Chi2 = e = 12 = t t y y
Heterogeneity: Chi = 9.14, df = 18 (P = 0.96); I*> = 0% o0 -0 0 50 100
Test for overall effect: Z = 0.09 (P = 0.93) MRI larger MDCT larger

Test for subgroup differences: Chi? = 3.10, df = 1 (P = 0.08), I> = 67.7%

Figure 12 Left ventricular end-systolic volume: CT versus CMR. CMR, cardiac MR.
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MDCT MRI Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Fixed, 95% Cl Year IV, Fixed, 95% CI
5.3.1 2007-2009
Schlosser 2007 55.4 11.8 21 59.3 154 21 1.7% -3.90[-12.20, 4.40] 2007 —
Brodoefel 2007 54.1 10.4 20 54.8 11.1 20 2.6% -0.70[-7.37,5.97] 2007 .
Wu 2008 50.4 19 41 51.4 18.8 41 1.7% -1.00[-9.18, 7.18] 2008 I
Bastarrika 2008 68.19 4.52 12 68.53 2.85 12 12.7% -0.34 [-3.36, 2.68] 2008 .
Puesken 2008 58.1 16.8 28 57.3 15.7 28 1.6% 0.80[-7.72,9.32] 2008 S
Busch 2008 61.6 12.4 15 57.9 9 15 1.9% 3.70[-4.05, 11.45] 2008 —
Sarwar 2009 57 8 21 55 8 21 4.9% 2.00 [-2.84, 6.84] 2009 S
Akram 2009 65.3 8.7 20 64.4 8 20 4.3% 0.90 [-4.28, 6.08] 2009 =
Guo 2009 51.8 10.3 51 50.5 99 51 7.5% 1.30 [-2.62, 5.22] 2009 ——
Subtotal (95% CI) 229 229 39.0% 0.45[-1.27,2.17] L3
Heterogeneity: Chi® = 2.84, df = 8 (P = 0.94); 1> = 0%
Test for overall effect: Z = 0.51 (P = 0.61)
5.3.2 >2009
Palumbo 2010 53 15 181 53 14 181 13.0% 0.00 [-2.99, 2.99] 2010 .
De Jonge 2011 60.6 8.2 26 57 8 26 6.0% 3.60 [-0.80, 8.00] 2011 T
Bak 2012 67.1 9.5 111 66 9.5 111 18.5% 1.10 [-1.40, 3.60] 2012 =
Brodoefel 2012 56 9 20 56 10 20 3.3% 0.00 [-5.90, 5.90] 2012 I —
Arraiza 2012 63.5 10.8 25 65.1 10.7 25 3.3% -1.60[-7.56, 4.36] 2012 =
Takx 2012 60.1 14.8 20 65.2 14.6 20 1.4% -5.10[-14.21, 4.01] 2012 —
Fuchs 2012 61 11 53 56 10 53 7.2% 5.00[1.00, 9.00] 2012 —
Greupner 2012 56.9 14.7 36 55.6 16 36 2.3% 1.30 [-5.80, 8.40] 2012 - —
Maffei 2012 52 14 79 52 14 79 6.1% 0.00 [-4.37, 4.37] 2012 1
Subtotal (95% CI) 551 551 61.0% 1.13 [-0.25, 2.50]
Heterogeneity: Chi® = 8.35, df = 8 (P = 0.40); I> = 4%
Test for overall effect: Z = 1.60 (P = 0.11)
Total (95% CI) 780 780 100.0% 0.86 [-0.21, 1.94] %
Heterogeneity: Chi® = 11.55, df = 17 (P = 0.83); I> = 0% t y

Test for overall effect: Z = 1.57 (P = 0.12)

Test for subgroup differences: Chi? = 0.36, df = 1 (P = 0.55), I = 0%

.10 0 10 20
MRI larger MDCT larger

-20

Figure 13 Left ventricular ejection fraction: CT versus CMR. CMR, cardiac MR.

imaging techniques by setting CMR parameters as true
values for bias estimation, such as basal slice selection
and multiple breath-holds acquisition. Moreover, most
clinical studies, and indeed clinical practice, are based on
echocardiographic parameters, and 2DE cutoffs for EF
are the most often reported and relied on. 272 Although
CMR parameters are compared to well-established nor-
mality databases,24 25 the data on patient management
and outcome based on CMR are still limited. However,
up to date CMR remains the highest reproducible LV
quantification modality.*® Technical advances are allow-
ing better semiautomatic acquisition and analysis for
higher operator independency,27 % and direct prognostic
evidence with CMR is growing.* %’

Limitations

The majority of studies included a small number of
patients with different baseline characteristics. Most of
the studies analysed were single-centre retrospective
trials, and, therefore, issues of potential referral bias
and inconsistent data collection may be present. As in
any meta-analysis, the validity of our results is depend-
ent on the validity of the studies included but this vari-
ability reflects clinical practice. There are multiple risks
of bias in systematic reviews; however, our funnel plot
analyses mostly demonstrated no significant publication
bias for the results without significant heterogeneity,
except for 2DE. A few studies had to be excluded due
to different numbers of patients undergoing different

modalities. Technical issues in completing the scans
mainly caused this inconsistency. We excluded these
studies to keep the balance between the modality groups.
Some studies did not report LVEF but only presented
volumes. We chose to include these since the analyses
for LV volumes and LVEF were performed separately and
consequently we considered them as independent para-
meters. We did restrict inclusion of the CT studies to
recent technology only, and did not do this for the echo
studies. The advances in CT imaging over this time
period have been substantial, and more so than echo.
Nevertheless, in the analyses, we have subgrouped the
studies by year of publication to partially account for this,
and no chronological impact is apparent.

Conclusion

Comparing commonly available non-invasive imaging
modalities to CMR as a reference standard, 3DE holds
the highest accuracy in LVEF estimation, although 2DE
and 3DE-derived LV volumes are significantly underesti-
mated. Newer generation CT shows excellent accuracy
for LV volumes quantification. These results may help
clinicians to better understand the degree of absolute
bias between different cardiac imaging modalities and
may have potential implications for patient follow-up
and management.
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