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assessment of myocardial infarction: from bench to bedside
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Abstract: A large number of studies support the increasingly relevant prognostic value of the presence
and extent of delayed enhancement (DE), a surrogate marker of fibrosis, in diverse etiologies. Gadolinium
and iodinated based contrast agents share similar kinetics, thus leading to comparable myocardial
characterization with cardiac magnetic resonance (CMR) and cardiac computed tomography (CT) at both
first-pass perfusion and DE imaging. We review the available evidence of DE imaging for the assessment
of myocardial infarction (MI) using cardiac CT (CTDE), from animal to clinical studies, and from 16-slice
CT to dual-energy CT systems (DECT). Although both CMR and gadolinium agents have been originally
deemed innocuous, a number of concerns (though inconclusive and very rare) have been recently issued
regarding safety issues, including DNA double-strand breaks related to CMR, and gadolinium-associated
nephrogenic systemic fibrosis and deposition in the skin and certain brain structures. These concerns have
to be considered in the context of non-negligible rates of claustrophobia, increasing rates of patients with
implantable cardiac devices, and a number of logistic drawbacks compared with CTDE, such as higher costs,

longer scanning times, and difficulties to scan patients with impaired breath-holding capabilities. Overall,

these issues might encourage the role of CTDE as an alternative for DE-CMR in selected populations.
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Introduction

One of the major developments in cardiac imaging during
the past decades has been the non-invasive assessment
of myocardial fibrosis by means of late gadolinium
enhancement, also known as delayed enhancement (DE)
imaging. This has been originally conceived, explored,
and documented using cardiac magnetic resonance
imaging (CMR). Indeed, a large number of studies have
demonstrated an excellent correlation between post-mortem
specimens and DE-CMR regarding the presence, extent,
and patterns of fibrosis (1-3). DE-CMR has therefore
emerged as an alternative to endomyocardial biopsy in
various scenarios. Furthermore, in the past decade, robust
evidence has been gathered supporting an increasingly
relevant prognostic value of the presence and extent of
DE in diverse etiologies, ranging from hypertrophic
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cardiomyopathy (HCM) to dilated cardiomyopathy and
ischemic cardiomyopathy (ICM) (4-8).

Cardiac computed tomography (CT) has been originally
conceived for the assessment of the coronary tree, and has
rapidly positioned as an accurate non-invasive tool for the
evaluation coronary atherosclerosis mostly based on an
excellent negative predictive value.

However, over the past decade cardiac CT has evolved
to embrace several non-coronary applications, including
myocardial perfusion, assessment of valve and ventricular
function, structural heart disease, and detection of embolic
sources, among other. Gadolinium and iodinated based
contrast agents share similar kinetics, thus leading to
comparable myocardial characterization with CMR and CT
at both first-pass perfusion and DE imaging (Figure 1) (9).

We will therefore review the available evidence of DE
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Figure 1 Comprehensive assessment of myocardial perfusion and infarct imaging using first pass computed tomography myocardial

perfusion (CTP) and delayed enhancement CT (CTDE) in a patient with a chronic anterior wall myocardial infarction. Dypiridamole stress
CTP (A, apical short axis; B four chamber view) demonstrate a perfusion defect in the left anterior descending artery territory (arrows). Rest

CTP (C,D) shows almost complete (dotted arrow) normalization of myocardial perfusion. At CTDE images (E,F) acquired 10 minutes after

rest CTP, predominantly subendocardial delayed enhancement is observed (arrow). Rest SPECT images (G,H) confirm the findings.

imaging for the assessment of myocardial infarction (MI)
using delayed-enhancement CT (CTDE), from animal to
clinical studies, and from 16-slice CT to dual-energy CT
systems (DECT).

Pre-clinical studies and comparison with magnetic
resonance

Initially using animal models, a number of studies have
validated the role of CT for acute and chronic MI
characterization (3,9-12). In the study of Lardo ez 4/, a
canine model was used for the acute setting, and a porcine
model was used for the chronic MI model. Images were
acquired using a 32-slice multidetector CT scanner, after
a 150-mL bolus of iodinated contrast was administrated
(retrospective gating; 135 kV, 420 mA). Images were
acquired every 5 minutes after the first-pass perfusion.
In this study, DE images reached the maximum levels
at ~5 minutes after injection, and chronic MI volumes
correlated well with postmortem myocardial staining (10).
The histopathology findings of DE regions obtained from
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the acute model comprised myocyte necrosis, including
contraction band necrosis without nuclear changes, and
neutrophils leakage and also migration to the interstitial
spaces (10).

In the study of Gerber et 4l., seven pigs underwent surgical
ligation of the left anterior descending (LAD) artery and
underwent CTDE 2 to 6 weeks after using 2 mL/kg of
iodinated contrast (concentration 400 mgl/mL) (9). CITDE
images were acquired every 2 minutes with a 16-slice CT
scanner (retrospective gating; 90 keV). In line with the
previous study, MI regions showed the highest signal
densities at 2 to 6 minutes after injection, with the
highest differences compared to the remote myocardium
at 6 minutes (9). Among the patients with previous MI also
included in this study, a moderately good agreement (kappa
0.61, P<0.001) was observed between CTDE and DE-CMR
for the identification of segments with DE regions, being
discordant segments more frequent within chronic patients
(kappa 0.52, P<0.0001).

Using a porcine model with occlusion of the second
diagonal branch and CTDE acquired with a 64-CT
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Figure 2 Extensive transmural inferior (arrows) wall chronic myocardial infarction assessed using dual energy delayed enhancement

computed CT at low (50 keV) energy levels, both using grayscale (A) and color-coded (B) images. Dotted arrows depict an area of

subendocardial necrosis. Rest SPECT images confirm the findings (C).

scanner, Brodoefel et 4/. were among the first to report
a good correlation with DE-CMR by means of low dose
(80 kV) imaging (13). In another minipig chronic infarct
model, CTDE (dual source CT in a dual energy mode; one
tube at 140 kV/95 mAs and the other at 100 kV/165 mAs)
images were obtained 61 days after occlusion of the LAD.
In this study, CTDE images using DECT showed a higher
sensitivity compared to 100 kV images (14).

More recently, Jang et al. reported their findings using a
novel cardiovascular interventional therapeutic CT system
that consisted of a hybrid system comprising both invasive
coronary angiography and a multidetector (320-slice) CT.
Using a Yucatan miniature swine model with a 2-week old
MI, the authors demonstrated the optimal differences in
CT attenuation values between infarcted areas and normal
myocardium at 2-5 minutes after contrast injection (15).

It is worth mentioning that the signal density values
(Hounfield units) of DE regions assessed by CTDE are
directly related to the attenuation of the X-ray beam by
iodine molecules. On the contrary, DE assessed during
DE-CMR is associated to gadolinium-induced alterations
of proton (water) relaxivity and is therefore an indirect
measure of the amount and biodistribution of the contrast
agent (16). Accordingly, CTDE might possibly appear as a
more scar-specific technique than DE-CMR.

Another possible advantage of CTDE compared with
DE-CMR is an improved isotropic spatial resolution,
leading to a significant reduction in partial volume effects.
Evidence in this regard comes from an animal study
including 15 mini-pigs with chronic MI induced by distal
LAD balloon occlusion, who underwent CTDE and
DE-CMR imaging 191+4 days after MI, and pathology
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examination. Images were acquired using a 64-slice
CT scanner, after a 150 mL bolus of iodinated contrast
(retrospective gating; 120 kV; 400 mA). In this study,
the optimal image quality occurred at 10 minutes after
contrast injection, and an excellent correlation was found
between CTDE and both DE-CMR (R*=0.92, P<0.0001)
and pathology (R’=0.97, P<0.0001). Interestingly, CTDE
outperformed DE-CMR for the assessment of peri-infarct
zones, which have been shown potential to identify patients
predisposed to ventricular arrhythmias (11,17).

As previously mentioned, contrast kinetics of both iodine
and gadolinium are very similar. This has been translated to
comparable imaging regarding myocardial contrast wash-in
and wash-out (Figure ). One of the most interesting aspects
of the study of Gerber er a/. was the inclusion of a direct
comparison of gadodiamide and iomeprol kinetics, infused
in an isolated rabbit’s heart. In this model, signal densities
of both contrast agents were similar over time (wash-in and
wash-out) at the infarct core, peripheral rim, and at the
remote myocardium (9). In the context of MI, the infarct
core suffers a significant reduction in contrast delivery
(delayed wash-in), resulting in myocardial hypoenhancement
during first-pass imaging (Figure I). This might be related
to epicardial or microvascular obstruction in the acute
setting, and to a reduced capillary density in the chronic MI
setting. On the contrary, DE-CMR or CTDE during late
image acquisition, performed approximately 5-10 minutes
after contrast injection, leads to hyperenhanced areas
(delayed or late enhancement) that result from an expansion
of the extracellular space (Figures 1-3). Such increase
in the volume of distribution is related to sarcolemmal
membrane disruption in the acute MI setting (~75% of the
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Figure 3 Large transmural chronic myocardial infarction (arrows) of the left circumflex territory assessed using delayed enhancement virtual

monochromatic imaging obtained using dual energy. As clearly shown, discrimination of scarred areas are significantly better at the lowest

energy levels, progressively declining at higher levels.

total myocardial volume is intracellular). On the contrary,
it indicates interstitial and replacement fibrosis combined
with residual capillaries and dilated vessels, and extensive
extracellular matrix deposition and lack of cellular structure
in the chronic MI setting (9,18).

Other studies using animal models showed similar
findings, with excellent correlation with both DE-CMR and
pathology. Among other, the study of Baks er a/. (64-slice
CT; 120 kV; 900 mA; retrospective gating) comprised
domestic pigs with occlusion of the left circumflex. Images
were obtained 15 minutes after administration of 1 gl/kg of
iodinated contrast (400 mgl/mL) (3). It is noteworthy that
most of the aforementioned animal studies used contrast
doses significantly higher than those currently applied in
clinical practice.

Documentation of microvascular damage can also

be assessed using CTDE (10,19). In the study of Lardo
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et al., areas of microvascular obstruction (identified as a
hypoenhanced core within hyperenhanced areas) were
detected in 3 of 7 animals, and more clearly observed early
after contrast injection (10). Such areas of microvascular
obstruction, also known as “no reflow” areas and frequently
associated to reperfusion damage, can be detected
as result of capillary blockage despite restoration of
epicardial flow, and are determinants of adverse prognosis
(20,21). Furthermore, Carlsson er 4/., in a specifically
designed microembolization swine model, found
that CTDE (64 mm x 0.625 mm; 120 kV; 650 mAs)
performed at 3 to 5 minutes after contrast injection had
a comparable ability for the detection of heterogeneous
microinfarcts compared to DE-CMR (22).

With regard to acquisition parameters, an animal study
that specifically addressed the impact of tube current in
CTDE for the evaluation of acute reperfused MI, found
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that areas of DE and no reflow, as well as image quality, did
not differ significantly using different mAs (23). Moreover,
CTDE evaluation using prospective ECG gating has
demonstrated similar accuracy compared to retrospective
ECG acquisitions, with substantially reduced effective
radiation doses (19).

Evidence from clinical studies, and prognostic
value of DE

After an acute MI, one of the major determinants of
event-free survival is the extent of myocardial irreversible
damage (24). As expected, most evidence regarding the
prognostic value of DE is based on DE-CMR studies.
Indeed, numerous studies have consistently placed the
presence and extent of DE as an independent predictor of
ventricular dysfunction, cardiac events, and death (6,8,20).
This has not only been shown among patients with ICM,
but also among those with HCM and non-ischemic dilated
cardiomyopathy (4,5,7).

In addition, DE transmurality and the fibrotic
burden have been shown as effective tools to assess the
likelihood of regional functional recovery and survival
after revascularization, therefore refreshing the concept of
myocardial viability as a therapeutic goal (25-27).

CTDE acquisition protocols are not well established,
and various scan parameters have been reported (7able 1).
However, most current CTDE examinations are acquired 6
to 8 minutes after iodine administration using low radiation
dose protocols, including prospective ECG gating, low kV
(usually 80 or 100 kV) setting, and variable (though generally
low) tube current. These parameters lead to very low
effective radiation doses (7able 1). Regarding image analysis,
5 to 10 mm average multiplanar reconstructions are typically
recommended, using a smooth filter and adjusting window
setting at the reader’s discretion (Figures 1-3).

As previously mentioned, DE-CMR has superior
contrast resolution compared to CIDE. This is caused at
least in part by the possibility to use specific pulse sequences
with the former, that enable nulling of the normal remote
myocardium thereby facilitating the discrimination between
normal and infarcted myocardium. This can partially
explain the suboptimal results of CTDE in the chronic
setting, with most studies reporting a high specificity but a
low sensitivity. Not even the latest generation CT scanners
(using single energy acquisitions) have conclusively solved
this limitation, and scarred areas evaluated using single
energy CTDE among stable patients are vaguely defined,
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and usually portrayed as regions where the discrimination
between the myocardium and the left ventricular cavity
is unclear (28-33). In fact, in a recent study comprising
chronic MI patients that used DE-CMR as reference
standard, Bettencourt ez 4/l. reported that CTDE identified
only 9 of the 17 ischemic scars, with an excellent specificity
(98%) but a poor sensitivity (53%) (28).

It has been hypothesized that such weakness of
CTDE among chronic MI patients might be related to
a combination of factors, being the most important the
relatively poor contrast resolution compared to DE-
CMR, but also to the fact that different physiopathological
mechanisms are involved in the extracellular expansion
of acute (sarcolemmal membrane rupture, Figure 4)
and chronic (interstitial and replacement fibrosis) MI
(Figures 1-3) (9,18).

In the acute MI setting, several studies have shown that
CTDE appears as an excellent tool for the assessment of
infarct size and myocardial viability (Figure 4) (34-39). The
study of Mahnken et /. was among the first to evaluate this
after primary percutaneous coronary intervention (PCI),
with excellent agreement with DE-CMR. The authors
included 28 patients who underwent retrospective gated
CTDE (16-slice CT, 80 kV, 550 mA) after administration
of 120 mL of iodinated contrast (35). The studies of
Rodriguez-Granillo et /. (36) and Jacquier er al. (40)
have further confirmed the ability of CTDE for the early
assessment of myocardial viability. The former included
30 patients who were immediately transferred from the
catheterization lab to the CT scanner after primary PCI
and underwent CTDE without contrast reinjection (64-slice
CT; 120 kV; 550 mA; retrospective gating with dose
modulation). The authors reported that the presence of DE
was related to a poor microvascular reperfusion, a higher
rate of in-hospital morbidity, and lower functional recovery
rates at 6 months (36). The study of Jacquier ez 4/. included
19 patients with acute MI and revascularization. CTDE
acquisition was performed 5 and 10 minutes after contrast
administration (1.5 mL/kg of iodinated contrast). In this
study, the extent of DE by CTDE and DE-CMR were
highly correlated (r=0.85; P<0.0001), and image quality was
significantly better at 5 minutes compared to 10-minute
imaging (40).

Most clinical CTDE studies had very small sample sizes
(Table 1). The largest study included 102 patients with
first acute MI who underwent CTDE immediately after
primary PCI without iodine reinjection. In this study, after
a 2-year follow-up with a 19% rate of major adverse events,

Cardiovasc Diagn Ther 2017;7(2):159-170



Rodriguez-Granillo. Cardiac CT delayed enhancement

164

‘ABiaus [enp ‘3 ‘uondJejul [eIPJBOOAW JIUCIYD ‘[IND ‘9SedsIp Alepe Areuoiod ‘QyD ‘UOIjoJeUl [BIPJ/EDOAW 81NdBaNS ‘[AVS ‘9Sop
UOHEIPEJ SAI08Y ‘DDT "Bjep paysiigndun , ‘wdg Go=< oyes Leay yum sjusiyed ul uoieinpow jusind yum (4) bueb saposdsosel pue wdg G9> djes pesay yum sjusiied
ur (d) Buieb eanoedsoud °,, “AyyedoAwolpieo olweyds! pey %6s Ajuo ‘Buiddew olwojeue-on0sje pauueld pue (LA) eipsedAyoe) Jejnopjusa yum sjusiyed ‘, “(uonusaselul
snosuejnoled Atewnd 3sod) 3sesu00 Jo uopos(ulel Jnoyum seipnys ¢, Buibew juswedueyus pahelep (|||) pue ‘uoienieas Awojeue Areuolod snid uoisnyied [eipiedoAw
1saJ (]]) ‘uoisnpiad [eipseooAw-ssalis (]) Buipnjoul uoljeulWEXS OeIpPJED dAISUBYaIdWOoD B JO) PajeliSIulWpPE }SEJJUOD JO JUNOWE [B10] 8Y} O] SI8}d) SWN|OA }SEJIUOD [B1O]

Buiyoums Jd91oe]
ze 0v9 0v1/08 oL aAjjoadsoid 0se W GG L~ avo e 39 INEl ojjiueln-zenbupoy
(d)6e
gt an 08 o] wdH 00%/0L€ Jw ov L/0E L 1A 44 sdiiiyd G29'0%¥9 [9102] ousods3
0¢ 002 ozlk L aARoadsoid il UV 26 39 G29'0%¥9 [9102] eqerem
(d4sD) 8°+
@vH) v'0 0.¢ 08 L aAioadsoid 0.¢ Jw ogh avo ov suswals  9'0x¥9xg A [eL02] egoiny
S0 094 08 i an0adsoId 0.¢ Jw 08l avo GOL  suswsalg 9'0%2gx2e [e10g] »noousneg
ze G9L/S0L  00L/0FL L anioadsoney 00% By w | IND 0z suswels  9°'0x¥9%Z 3a [€102] uuewyoIMm
L'y G9L/OvL  00L/O%L 9 aaoedsoliey 0.¢ Jw 091 avo g susweIS  G'Lxp9xg 3a [vLO2] IouleN
0. 052 ozk Wi anjoadsoey 1 JNY 2oL equsol G'0%¥9 [zrog] ores
oL 8le 08 L aApoadsold 0.¢ Jw 08 INVS L suawials 9'0%2exe [1ro2] Buem
60 oce 00k Gl youd-ybiH 0.€ Jw oyl avo ve suswialg 9'0%19%xg [1L102] meon
vl oze 08 9 aARoadsoid 0.¢ Jw gel avo o] suawieIg 9'0%y9x2 [0102] eiEISEg
gL 085 08 S aARoadsoid 0.¢ Jw ozl avo 0 eqIysol. §'0%02e [010g] 61009
8¢ olLe ock Vi aAijoadsoid 0se Byw g INY Lt sdijiyd G29'0%¥9 [6002] ucemn
[6002]
GG 08S oclk 9 aaoedsodiey - 1 JAY (0] sdijiud G29'0%19 ojjiuesn-zenBLpoy
A an 00} L aARoadsoid 0.¢ Jw gL avo e suswieIS  g'1/9'0%Z%2E [600¢] uieIsMUEIg
an 00S 08 g anosdsodiey 0se ByW gL INY 6l suawaIg G Lxp9 [800¢] 4einboer
12 00S 08 Gl anoadsolley (23 Jw ozl INVS 82 suawials GL0%9} [s002] usyuyeN
CAMDM_FMME syw M \M“__chv_ QPO co_Mn_mH_h M“Noo w_cm_F:LM> sjualied N JOpusp Jauueos [reaA] Apnis

UONOIRJUT [BIPILIOAUI JO JUIWISSISSE S 10J JUdUIadULyud pake[ap Ayderdourol paanduroo Sursn sarpmis [earurpo jo sjooorod uonismboy | a[qey,

Cardiovasc Diagn Ther 2017;7(2):159-170

cdt.amegroups.com

© Cardiovascular Diagnosis and Therapy. All rights reserved.



Cardiovascular Diagnosis and Therapy, Vol 7, No 2 April 2017

AR

165

Figure 4 Delayed enhancement CT images performed using single-energy CT without iodine reinjection in patients with acute myocardial

infarction immediately after primary percutaneous coronary intervention. Panel A shows a transmural inferolateral infarction (arrows) in the

left circumflex territory, and panel B shows an extensive anterior-wall transmural infarction. Note the differences between an homogeneous

scar (A) and the presence of a markedly heterogeneous delayed enhancement (B), suggesting the presence of microvascular obstruction
(adapted with permission from Rodriguez Granillo GA et /. JACC Cardiovasc Imaging 2009;2:1072-81).

the extent of DE was identified as an independent predictor
of events after adjustment for TIMI risk score, ejection
fraction, and SPECT findings (HR for third tertile 16.1;
95% CI, 1.45-72.4; P=0.022) 37).

Also, a recent study that included 92 patients with acute
MI who underwent CTDE without iodine reinjection
immediately after primary PCI, demonstrated the presence
of a heterogeneous enhancement (concomitant hypo
and hyperenhancement) as an independent predictor of
microvascular obstruction and ventricular remodeling

(Figure 4) (38).

Role of dual energy CT for the assessment of DE

Conventional single energy CT imaging is influenced by
technical issues related to the polychromatic nature of
X-rays, such as blooming and beam hardening artifacts
(BHA). Myocardial perfusion imaging is typically affected
by these artifacts, occasionally simulating perfusion defects
and thus potentially leading to increments in downstream
testing. With the advent of dual energy DECT, some
of these technical limitations have been minimized (41).
DECT comprises image acquisition at two different tube
voltages. Until recently, DECT was not clinically available,
being this mainly attributed to technical limitations as well
as high radiation doses. This approach offers the possibility

to assess the chemical composition of different tissues with
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regard to their atomic number. With the introduction of
dual source CT and single-source kV switching, DECT
for cardiovascular applications became viable. Virtual
monochromatic imaging (VMI) obtained from DECT has
allowed major reductions in the iodinated contrast load,
with up to 50% reduction with preserved image quality in
coronary angiography and up to 60% reduction in aortic
angiography examinations (42,43). Such reductions might
widen the scope of patients eligible to undergo contrast-
enhanced studies, potentially leading to the inclusion of the
previously precluded patients at risk of contrast induced
nephropathy. Furthermore, myocardial perfusion using
DECT has shown to provide a significant incremental value
over CTCA alone for the detection of hemodynamically
significant stenosis (44-47).

In the context of CTDE, DECT appears to have great
potential to overcome the aforementioned limitations of
conventional (single-energy) CTDE for the assessment of
myocardial fibrosis in the stable setting (14). Particularly,
the higher intravascular attenuation levels attainable using
low energy monochromatic imaging show promise to
improve the detection of myocardial fibrosis (Figures 1-3).

Using VMI at the lowest energy levels (40-50 keV),
the discrimination between scarred and remote (normal)
myocardium might be substantially improved, since the
presence of iodine within tissues significantly is markedly
enhanced among such energy levels (48).

Cardiovasc Diagn Ther 2017;7(2):159-170
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In the first studies using single-source VMI, iterative
reconstruction (IR) algorithms were only available for
energy levels larger than 60 keV, and this has therefore
been a drawback for the technique, in the sense that images
at 40-60 keV had significantly higher image noise. Such
limitation has been recently solved with the incorporation
of IR for all energy levels, leading to 40-50 keV imaging
to achieve the highest signal densities (HU) with preserved
image quality.

In 55 patients with suspected CAD who underwent
adenosine stress, rest, and CTDE (DECT with dual
source), Meinel ez al. reported a lack of improvement of
the accuracy of the comprehensive scan by the addition of
CTDE; with 7% of segments with fixed perfusion defects at
SPECT being misclassified as reversible (44).

In opposition, animal data using dual energy imaging
acquired by dual source CT scanners (one tube with
165 mAs/rotation at 100 kV and the second tube with
140 mAs/rotation at 140 kV) has shown inferior results
regarding scar imaging compared to single energy 100 kV
CTDE imaging (49).

With regard to reconstruction techniques, image blending
with different weighing factors (percentage of low and high
kV) using DECT (80/140 kV) has shown encouraging
findings towards the visualization of necrosis, with superior
results in different studies compared to images obtained
at 80 or 140 keV, or to 100 and 140 kV (50,51). Targeted
spatial frequency filtration (TSFF), a hybrid reconstruction
algorithm comprising HALF and full-scan reconstruction
aimed at the stabilization of the attenuation levels and the
achievement of high temporal resolution, has been originally
developed for dynamic CT myocardial perfusion. In the
context of CTDE, TSFF and image averaging over half-scan
reconstructions have shown to improve image quality and
interobserver reproducibility (52).

In line with our clinical experience with kV switching
DECT, Wichmann ez a/. suggested that the evaluation
of dual-energy CTDE (dual source) using color-coded
iodine maps provides inferior accuracy compared to linear
blending (100/140 kV) (53).

The ability of low monochromatic images to reduce
iodinated contrast volume might be of interest in this
regard. Indeed, in most studies evaluating CTDE relatively
large total contrast volumes were administrated, with highly
concentrated iodine (Table 1).

The aforementioned technical advancements might also
potentially encourage further research towards the use of
dual energy CTDE for a number of clinical applications
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other than ICM. Indeed, the usefulness of CTDE using
single energy has shown promising findings among patients
with non-ischemic cardiomyopathies including HCM,
myocarditis, and even for the guidance of electro-anatomic
mapping for ventricular tachycardia ablation (31,49,54-58).
This might be of particular interest among patients with
implantable cardioverters (58).

Clinical perspectives and conclusions

During the past decade, DE-CMR has gained an important
role in several clinical scenarios, mainly attributed to its lack
of ionizing radiation, high contrast resolution, and plethora
of clinical evidence supporting the prognostic value of the
presence and extent of myocardial DE. However, though
highly appealing, a number of limitations or warnings
have encouraged the search for an alternative DE imaging
modality. One of these are safety issues. Although both
CMR and gadolinium agents have been originally deemed
innocuous, a number of concerns have been recently issued.
Firstly, lymphocyte DNA double-strand breaks, a marker
of biological damage and genotoxic effects associated
with medical procedures, have been shown to increase
during CMR examinations, in levels comparable to low
dose (<4 mSv) coronary CT'CA. Such DNA damage seems
to be reversible, although the clinical significance of this
remains unknown (59,60).

In parallel, gadolinium agents, formerly considered
practically innocuous, are currently associated (although
very rarely) with nephrogenic systemic fibrosis among
patients with severe renal dysfunction (61). Moreover,
recent studies have demonstrated gadolinium deposition in
the skin and certain brain structures (dentate nucleus and
globus pallidus) even among patients with normal renal
function (62,63). These concerns have to be placed in the
context of non-negligible rates of claustrophobia (64,65).
Furthermore, DE-CMR has a number of logistic drawbacks
compared with CTDE, such as higher costs and longer
scanning times (thus also with an impact in cost), and
difficulties to scan patients with inability to lie supine for
extended periods and those with impaired breath-holding
capabilities. Overall, these issues might encourage the
role of CTDE as an alternative for DE-CMR in selected
populations (66,67).

The possibility to have an alternative for DE-CMR
towards the assessment of fibrosis has therefore major
clinical implications. Such statement is sustained not only
by the aforementioned (though probably overemphasized)

Cardiovasc Diagn Ther 2017;7(2):159-170
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concerns regarding DE-CMR safety, but also by the
increasingly rates of patients with implantable cardiac
devices (cardiac defibrillators, resynchronizing devices,
structural heart disease devices) that preclude or worsen
CMR image quality.

A number of studies have suggested that CTCA
appears to be a cost-effective strategy among patients
with suspected CAD, whereas among symptomatic
revascularized patients, stress-CMR is more cost-effective
than CTCA (68-70). Cost-effectiveness analyses can hardly
be extrapolated to different regions or countries, not only
given the different diagnostic algorithm strategies used by
local cardiologists, but also the substantially different costs
of each technique (71). Furthermore, in the context of DE
imaging, such comparison is hard to explore for several
reasons. DE imaging using CT usually comprises coronary
CT angiography/myocardial perfusion plus CITDE. In turn,
DE-CMR usually comprises morphological and functional
ventricular assessment plus DE imaging. Besides, DE
imaging in the context of ICM can range from evaluation of
small infarcts the assessment of myocardial viability among
patients with severe systolic dysfunction. Nonetheless,
CTDE imaging used exclusively for the evaluation of scar
imaging would probably be a very inexpensive procedure,
given the very low radiation required and hence the
minimal tube usage. Also, given the relatively low sensitivity
and high specificity, it probably shouldn’t lead to increased
downstream testing. Nevertheless, all of these issues remain
fairly speculative and warrant further exploration.

It is worth mentioning that CTDE can be performed
using a very low radiation doses (with approximate effective
radiation doses ranging from 0.5 mSv using prospective
ECG gating with 80 kV/160 mAs acquisition, to 2.2 mSv
using single-source dual energy imaging, and approximately
4.7 mSv using dual-source dual energy imaging; Table I)
(28,31,44). Furthermore, novel CT developments such as
DECT might enable improvements in scar imaging among
stable patients with chronic MI, and it is expected to allow a
significant reduction in the iodinated contrast load.
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