Cundari et dl. Insights into Imaging ~ (2023) 14:156 §\\\\\\\"‘1‘i S s e i 5
https://doi.org/10.1186/513244-023-01506-6 N IIlSlghtS nto Imagmg

EDUCATIONAL REVIEW Open Access

: ®
Myocardial extracellular volume e

quantification with computed tomography—
current status and future outlook

Giulia Cundari'?, Nicola Galea?, Victor Mergen', Hatem Alkadhi' ® and Matthias Eberhard'?

Abstract

Non-invasive quantification of the extracellular volume (ECV) is a method for the evaluation of focal and diffuse myo-
cardial fibrosis, potentially obviating the need for invasive endomyocardial biopsy. While ECV quantification with car-
diac magnetic resonance imaging (ECV,g) is already an established method, ECV quantification with CT (ECV)

is an attractive alternative to ECVyg, similarly using the properties of extracellular contrast media for ECV calculation.
In contrast to ECV,s, ECV1 provides a more widely available, cheaper and faster tool for ECV quantification and allows
for ECV calculation also in patients with contraindications for MRI. Many studies have already shown a high correlation
between ECV and ECV, 5 and accumulating evidence suggests a prognostic value of ECV quantification in various
cardiovascular diseases. Adding a late enhancement scan (for dual energy acquisitions) or a non-enhanced and late
enhancement scan (for single-energy acquisitions) to a conventional coronary CT angiography scan improves risk
stratification, requiring only minor adaptations of the contrast media and data acquisition protocols and adding

only little radiation dose to the entire scan.

Critical relevance statement

This article summarizes the technical principles of myocardial extracellular volume (ECV) quantification with CT,
reviews the literature comparing ECV with ECV, 5 and histopathology, and reviews the prognostic value of myocar-
dial ECV quantification for various cardiovascular disease.

Key points

- Non-invasive quantification of myocardial fibrosis can be performed with CT.

+ Myocardial ECV quantification with CT is an alternative in patients non-eligible for MRI.

« Myocardial ECV quantification with CT strongly correlates with ECV quantification using MRI.

+ Myocardial ECV quantification provides incremental prognostic information for various pathologies affecting
the heart (e.g., cardiac amyloidosis).
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Myocardial Extracellular Volume
Quantification with Computed Tomography -
Current Status and Future Outlook

Non-invasive quantification of myocardial y
fibrosis can be performed with CT and is an
alternative in patients non-eligible for MRI.

Myocardial ECV quantification with CT
strongly correlates with ECV quantification
using MRI.

Myocardial ECV quantification provides
incremental prognostic information for various
pathologies affecting the heart

(e.g., cardiac amyloidosis).

This article summarizes the technical principles of myocardial extracellular volume (ECV)
quantification with CT, reviews the literature comparing ECV¢; with ECV;, and histopatholo
reviews the prognostic value of myocardial ECV quantification for various cardiovascular
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Introduction
Myocardial fibrosis is a common endpoint of several dis-
eases affecting the myocardium [1]. Focal replacement
fibrosis after myocardial infarction or diffuse interstitial
fibrosis with accumulation of collagen in the extracellular
space as a consequence of non-ischemic or infiltrative car-
diomyopathies increase the myocardial stiffness and ham-
per myocardial contractility [2—7]. The reference standard
for quantification of myocardial fibrosis is invasive endo-
myocardial biopsy with its inherent procedural risks and the
possibility of sampling errors as only a small portion of the
myocardium can be evaluated [8]. Therefore, non-invasive
quantification of the myocardial ECV gained increasing
interest in the past decade. It enables the global assessment
of myocardial fibrosis and thus may represent a non-inva-
sive quantitative measure for risk prediction and prognosti-
cation in patients with various cardiac diseases [9, 10].
While non-invasive quantification of the extracellular
volume (ECV) with cardiac magnetic resonance imag-
ing (ECV,gp) has already become a clinically established,
quantitative marker [11], recently, ECV quantification
with CT (ECVr) evolved as a robust and reliable alterna-
tive. ECV represents a quantitative means for the evalu-
ation of myocardial fibrosis on a cardiac late enhancement
scan. In comparison to MRI, CT is more widely available,

cheaper and faster and enables to obtain submillimeter
isotropic volumetric image data. However, CT has the
drawback of ionizing radiation, the need for potentially
nephrotoxic contrast media (CM), and the lower soft tis-
sue contrast resolution compared to MRI [12].

Extracellular distribution of iodinated contrast
media
Non-invasive ECV measurements with CT or MRI
depend on the pharmacokinetics of extracellular CM.
In this regard, gadolinium and iodine-based CM agents
share similar properties. After injection, the CM agents
diffuse passively from the vascular space into the extracel-
lular space down a concentration gradient. Later, the con-
centration gradient reverses and the CM agents reenter
the vascular space. At a certain (late) timepoint after CM
injection, a state of “quasi” equilibrium is reached, where
tissue contrast enhancement parallels that of the blood.
After reaching an equilibrium, both the intravascular and
extracellular CM concentration declines with time due to
the elimination of CM by the kidneys [12].

In myocardial tissue with an expansion of the extra-
cellular matrix (ECM) due to an expansion of the col-
lagen volume fraction, edema or amyloid deposition,
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the ratio between the amount of extracellular CM in
the myocardium and the amount of CM in the vascular
space is higher compared to healthy myocardium. The
properties of both gadolinium and iodine are used to
quantify these differences via measuring the T1-relaxa-
tion by MRI or the CT attenuation, both being propor-
tional to the concentration of the respective CM agent.
A schematic illustration about the extracellular space is
provided in Fig. 1.

While both (MRI and CT) techniques for the non-
invasive quantification for ECV emerged around the
same time [13, 14], initially, ECVyy gained more
attraction due to the widespread use of late gadolinium
enhancement imaging to assess focal myocardial fibro-
sis. In these cases, ECV,;; added the possibility to also
assess global or diffuse myocardial fibrosis. Initially, CT
was characterized by only small HU differences between
normal and pathologic myocardium [12] hindering wide-
spread clinical use. The recent introduction of low tube
voltage scanning and dual-energy techniques increased
the contrast-to-noise ratio of late enhancement scans
improving the delineation of pathologic myocardium
and thus triggered the recent interest in late enhance-
ment scanning and ECV quantification with CT.

Non-invasive quantification of ECVCT

in comparison to ECVMRI

ECV evaluation with cardiac MRI is a well-established
method to non-invasively assess the presence of intersti-
tial myocardial fibrosis. Despite the standard reference
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role of MRI, the technique is characterized by several lim-
itations including the relatively long acquisition time, the
requirement of T1 mapping techniques, and the necessity
for expertise in the acquisition and analysis of the images
being susceptible to artifacts. In this regard, CT offers the
opportunity to assess ECV in a shorter acquisition time
being less susceptible for artifacts. Moreover, the access
to CT scanners being capable of ECV assessment is easier
compared to MRI, and CT is a cheaper and faster method
to assess ECV in a non-invasive way. Furthermore, CT
allows to perform ECV evaluations in patients with metal
implants or devices potentially reducing image qual-
ity and interpretability of cardiac MR], in patients with
contraindications to MRI, and in patients with claustro-
phobia [12, 15]. In contrast to cardiac MRI, CT provides
a volumetric 3-dimensional ECV assessment with high-
resolution data and isotropic voxels.

The disadvantages of CT are the radiation dose, the
potential nephrotoxicity from CM administration in
patients at risk for contrast-induced nephropathy [16],
and the limited contrast-to-noise ratio, as detailed below.

How is ECV calculated?
The calculation of ECV is based on the ratio between
the concentration of CM in the myocardium and in the
plasma part of the blood pool, therefore measuring the
hematocrit (Ht) of the patient is required to convert
whole blood to plasma concentrations.

For single-energy CT, the acquisition of two scans is man-
datory to calculate ECVp: an ECG-gated non-enhanced
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Fig. 1 Schematic illustration of myocardial fibrosis. Left: normal myocardium and iodine distribution after contrast media administration. Right:
four pathologic conditions related to the expansion of the extracellular matrix: inflammation with edema; replacement fibrosis; interstitial reactive

fibrosis and amyloidosis
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CT scan and an ECG-gated late enhancement scan in the
equilibrium phase, acquired between 3 and 10 min after
CM administration as detailed below. The differences of
Hounsfield units (AHU) between the pre- and the post-
contrast scans are used to assess the distribution of CM,
using the following formula [17]:

ECV = (1 — Ht) x (AHUpyocardium/(AHUploodpool)

Measurements of HU are obtained by drawing a region
of interest (ROI) in the left ventricular cavity for blood
pool values and in the myocardium to assess the amount
of extracellular CM in the myocardium [14, 18].

However, this single-energy CT method can be lim-
ited by misregistration issues occurring during manual
tracing of the ROIs (especially in the non-enhanced
scan, in which the visualization of myocardial septal
wall can be difficult) [19], due to an automatic voxel-
wise misregistration or in case of variable heart rates
(non-matching acquisition between non- and late-
enhancement scans) [18].

In this scenario, the use of dual energy-capable CT
scanners has improved the robustness of this technique.
Spectral separation of late enhancement scans acquired
with different tube voltages or with energy-sensitive
detectors allows for material decomposition and, thus,
quantification of iodine [15].

With this method, the quantification of AHU can be
directly performed on iodine maps obtained from late
enhancement scans without the need for a non-enhanced
acquisition [17], thus making the ECV.; calculation
easier compared to the subtraction method. The formula
used for ECV .y in case of spectral imaging acquisition is:

ECV = (1 — Ht) x (Iodineytyocardium/I0dinepioodpool ) -

A schematic illustration showing ECV calculation with
CT is shown in Fig. 2.

ECV quantification with CT—acquisition protocols
Late enhancement scan timing
Several acquisition protocols for late enhancement CT
scans in the equilibrium phase of iodinated CM distribu-
tion were evaluated in recent years using different CM
administration protocols with various time delays for
the late phase acquisition. Table 1 shows a summary of
studies evaluating ECV - quantification, detailing scan,
reconstruction, and contrast media protocols.

To calculate ECV 1 using single-energy protocols, first
a non-enhanced scan is acquired, followed by CT angi-
ography for coronary artery assessment and finally, a
delayed phase acquisition, most often performed with
the same acquisition parameters as the non-enhanced
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scan [14]. One of the first studies assessing ECVp used
a non-enhanced and a delayed scan 10 min after CM
administration for ECV calculation [14]. The scans were
acquired with prospective ECG triggering at 120 kV tube
voltage and reconstructed with a slice thickness of 3 mm.
Several other studies acquired late enhancement scans
at different timepoints after CM administration. Hamdy
et al. [20] compared ECV measurements obtained with
late enhancement scans acquired at 3, 5, and 7 min
after CM administration at a tube voltage of 80 kV in
patients with known or suspected coronary artery dis-
ease. They reported no significant differences of ECV
values between the three acquisition timepoints, both
for infarcted segments and remote myocardium. How-
ever, the delineation of scars on scans with a 5- or 7-min
delay achieved higher contrast-to-noise ratio and higher
subjective image quality scores compared to the late
enhancement scans obtained 3 min after CM administra-
tion due to lower tissue enhancement in myocardial seg-
ments without scaring [20]. Scully et al. [21] compared
ECV at 3 and 5 min in 104 patients before transcatheter
aortic valve replacement. They found a small average dif-
ference of 0.68% between the two delays, mainly caused
by ECV values above 35% (amyloidosis, infarcts).

Other studies on patients with cardiac amyloidosis and
in patients with severe aortic stenosis prior to transcath-
eter aortic valve replacement used a late enhancement
scan acquisition at 7 min after CM administration with
120 kV at a 2 mm slice thickness [26], with a 5-min delay
at 120 kV and a slice thickness of 1.2 mm [27], or with a
5-min delay using 120 kV for the non-enhanced scan and
80 kV for the late enhancement scan [28].

For dual-energy-based ECVp calculation, the timing
of late enhancement acquisitions varied between studies
as well. For dual source dual-energy CT, the acquisition
of late enhancement scans ranged between 5 and 12 min
after CM administration [18, 24, 29, 30], both with pro-
spective and retrospective ECG-triggering, using energy
levels at 80 or 90 kV and 140 or 150 kV [18, 29]. Otha et al.
calculated ECV 7 using the rapid kV switching technique
(80-140 kV) with a late enhancement acquisition per-
formed 7-8 min after CM injection [23]. For dual-layer
dual-energy ECV-calculation, the late enhancement scan
was acquired 7 min after CM injection, using a tube volt-
age of 120 kV [22]. ECV quantification with a dual-source
photon-counting detector CT has been reported at 5 min
acquired at 120 kV, showing a high correlation with sin-
gle-energy-based ECV measurements [25].

As a conclusion, a late enhancement scan acquisition
3 min after CM injection may be good for quantification
of ECV in patients with normal myocardium or diffuse
expansion of the interstitium with higher myocardial tis-
sue contrast compared to late enhancement scans at later



Cundari et al. Insights into Imaging (2023) 14:156

Attenuation-based method

ECVatt = (1 = ht) & AHUmyo / AHUb]ood

.

Non-contrast scan Late enhancement scan
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Spectral method
= (1 - ht) * [lodinemyo] / [lodinepiood]

. .
Iodine map from

Late enhancement scan
late enhancement scan

ECYV calculation
Fig. 2 Extracellular volume (ECV) calculation using the single-energy attenuation-based and the spectral method in a 77-year-old male patient.
ECV was not elevated with a mean ECV of 23.5% and 22.4% using the attenuation-based and spectral method, respectively. No focal scar was seen,

which was confirmed by previous CMR. Abbreviations: Ht, hematocrit; AHU

myor

ECYV calculation

change in attenuation of the myocardium; AHU, .4 change

in attenuation of the blood pool; [lodine,, 5], iodine concentration within the myocardium; [lodine .4, iodine concentration within the blood pool

timepoints after image acquisition. Late enhancement
scan acquisition at 5 min may still allow robust ECVp
quantification even with lower tissue contrast of the
myocardium but may in addition improve the visualiza-
tion of focal scars due to lower tissue enhancement of
normal myocardium.

CM injection protocols

Late enhancement scans are acquired as part of a car-
diac CT scan to provide additional information of the
myocardium. While coronary CT angiography may be
acquired with a low dose CM protocol, e.g., using only
30 mL of iobitridol, 350 mg iodine/mL in patients with
a body surface area of<1.7 m? [31], this small amount
of contrast media may not be sufficient for ECV cal-
culation due to the low contrast-to-noise ratio of late
enhancement scans, mainly depending on the timing of
the late enhancement scan and the given total amount
of CM [32]. Therefore, the contrast media protocol
must be adapted when the acquisition of a late enhance-
ment is considered.

The amount and strategy of CM administration for
CT protocols including a late enhancement acquisition
vary between studies: Initially, Bandula et al. applied a
CM protocol consisting in an injection of a iohexol bolus
(1 mg/kg at a rate of 3 mL/s) immediately followed by
an infusion of 1.88 mL CM/kg/h (with a maximum of
200 mL) in order to reach an equilibrium between blood
and tissue CM concentration, acquiring the delayed
phase 25 min after the first bolus injection [12]. While
this CM injection scheme may result in a true steady state
of CM distribution between the vascular and extracellu-
lar space, it is difficult to apply in clinical practice. More
practical CM protocols are reported by Hammer et al.
[26] using a fixed bolus of 50—60 mL of iopromide 370, by
Scully et al. [21] using a fixed bolus of 90 mL iohexol 300
or by Qi et al. [24] using a bolus of 50 mL iopromide 370
for coronary angiography followed by an additional bolus
of 50 mL of iopromide 370 before late enhancement scan
acquisition. Other groups adapted the CM volume to
body weight reaching a total volume of 1.4—1.8 mL/kg of
iopamidol [18, 22, 23] or 1 mL/kg of iohexol [27].



Page 6 of 13

(2023) 14:156

Cundari et al. Insights into Imaging

uonediignd ayj uj 3|ge|IeAR J0U JI ‘100 4O 410308} B AQ 413 Y3 Buik|diyinw g paie|ndjed sem sop UoleIpes dAIIdRYT o

JUsWIdURYUD 3387 77

ueds
1404 [SL71-£670]
ASW L W ool 4o shjog (0£€) apiwoido) SAI2ads0ld dny ozt ww gl S SoA  eydly WOLO3VYN [57] zeog ‘uabiapy
Jauueds | D 10)2913p Bununod-uojoyd
[([enlexte)le]
1D deipied |e1ol)
[F'8-G ¥ ASW 'S TW 0 + W 0S JO 1]0G OM | (0£€) spiwoido] 9ARDds0Id dAt 051/06 w90 1A ON [l zeoz o
ueds 37104
ASW BE0F68'L W 99 jo snjog (05€) [oxayo| SA2adsoid datov1/08 w5790 JA ON [£1] Loz ‘Binogn@
ueds/By/ W 1 [1un
ueds 37104 uolsnjul+1ybram Apog
ASW /80FCyE B/ 1w 60 4o snjog (0£€) |opiutedo] oARdadsold dm orL/08 ww 5z90 8-/ ON [€7] 0z0T "®YO
ueds 37104 1ybram
ASWOLFEY  Apog By/qui ') Jo snjog (0£€) [opiwedoy an2adsold dantoct ww /90 L ON 1D [end3ds uop! (21 610¢ PO
(jloooy01d
1D delpied |e10y)
[lzy-8.7) -Y[eaH suswais)
ASW 19E U 59 jo snjog (0£€) |opiwedo) 9ANDds0ld da 051/06 ww Gl 1A ON [S1]610C "®ipeQY
(joo0104d
1D deipied [e103) 1ybram
ASW G80F6SS  Apog B/ 1w gL 40 snjog (0£€) |opiwedo) 9AN9ds0119Y dmi orL/00L ww G20 Cl ON [811910C ‘997
sjod>03o.d ABisua-jenqg
(loooy01d
1D delpJed |e10l)
ASW 6'9F£'SC W 001 Jo snjog (05€) [oxayo| 9Ads0Id dnt ozt ww ¢ S SOA [01] 020t ‘ooddeseue].
ueds
37 pue padueyua
-Uou Joy
ASWEDF LS W 06 J0 snjog (00€) |0xay0| 9A9ds0ld dmi 08 ww g G'e SOA [12] 020T "A|In>S
(joo0104d
1D deipied [e101) 1yblam
ASWEZFELL  Apog By/7w 9'L Jo snjog (0£¢€) uonwedo 9AN3dsold dni 08 ww | VAR SOA [07] 8L0T ApwieH
(jod0104d u/6/1w 881 Jo
1D deipied [e101) uoISNjul+1yBram (SuUsWaIS) 9 uon
ASWHEFL0L Apoq 63/7W | Jo snjog (00€) [oxayo| 9AN9ds0119Y dnt ozt wuw g 74 SOA  -BSUSS WOJewos [c1] €10z "enpueg
ueds
37 pue pasueyua
-Uou Joy
ASWOLOFEEL MW HZFTW SCL Jo snjog (0£€) jopiwedo) 9Ads0ld dm oct ww ¢ 0l SOA [PL1Z10Z J2eN
sjo>030.d AB1sua-3|buls
«9S0p uoneipel [Twy/|6w] [ulw] ueds ueds
9AI1D9Y3F  BIPAW ISBIIUOD JO 350 e|paw jsesnuo) buneb-5d3 abejjonaqny  /ssawdIyr NS  J7j0 Bulwil padURYUI-UON

$|020301d BIPaW 1SRIUOD PUB ‘UOIIdNIISUOIRI ‘Ueds Buljielsp ‘1) Yim uonedyiauenb AD3 bunen|eas saipnis jo Alewwns | ajqel



Cundari et al. Insights into Imaging (2023) 14:156

Overall, late enhancement scans benefit from a higher
volume (in g) of administered contrast media, as a suf-
ficient contrast-to-noise ratio is critical for ECV calcu-
lation. Based on the current literature, fixed volumes of
50-100 mL or weight-dependent volumes of 1.4—1.8 mL/
kg of contrast media seem to provide adequate image
quality for ECV calculation.

Radiation dose
The additional information provided by ECV . comes at
the expense of an additional CT scan requiring a longer
CT slot and at the expense of additional radiation dose.

Comparing the radiation dose reported in literature
for CT protocols including a delayed phase is a chal-
lenging task, as authors used different CT scanners,
tube voltages, and acquisition protocols [10, 12, 14, 15,
17, 18, 20, 22-25]. Nacif et al. reported a mean effective
radiation dose of 1.98+0.16 mSv for the late enhance-
ment scan assessed with a single-energy approach
[14]. With dual-energy CT, the delayed phase acquisi-
tion reached an effective radiation dose ranging from
1.89 mSv to 4.8 mSv [17, 22, 23]. ECVp assessment
with the novel PCD scanner allowed for a low effective
radiation dose achieved for the late enhancement scan:
1.2 mSv [0.97-1.75]), according to Mergen et al. [25],
and 2.07 £ 1.9 mSy, according to Aquino et al. [33].

In comparison, typical radiation doses of coronary CT
angiography range between 1 and 15 mSv [14, 20, 23],
whereas more modern CT scanners require lower doses.

Clinical validation of ECVCT against ECVMRI,
histopathology and clinical data

Accurate ECVp quantification in comparison with
endomyocardial biopsy (EMB), which represents the
gold standard for the evaluation of myocardial fibrosis,
and in comparison with ECV g, which is considered the
clinical imaging alternative to EMB, is imperative to use
ECV¢r in clinical routine. Table 2 presents a summary of
studies correlating ECV . with histopathology and with
ECVyrr-

Animal models with doxorubicin-induced dilated car-
diomyopathy using a dual-energy CT technique in adult
New Zealand rabbits [32] and using a single-energy CT
technique in beagles [37] showed a strong correlation
between ECV . versus collagen volume fraction (CVF)
at histology (r=0.925 and r=0.951, respectively; p <0.001
for both) and between ECV -y versus ECV gz (r=0.888
and r=0.899, respectively; p<0.001 for both). In addi-
tion, ECVp correlated well (r=0.830-0.907, p<0.05)
with the serum fibrosis index (hyaluronic acid, laminin,
and type-III procollagen) in the study of Zhou et al. [37].

In the presence of severe aortic stenosis, Bandula
et al. challenged ECV - versus EMB and ECV,; in 23
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patients [12]. ECV was assessed on late enhancement
scans acquired 25 min after injection of a bolus followed
by slow maintenance infusion of iodinated CM. ECV ¢
significantly correlated with histological extracellular
fibrosis, measured as CVF on a septal myocardial sam-
ple collected during valve replacement surgery (r=0.71,
»=0.0007) and with ECV z; (r=0.73, p<0.0002) [12].

Cardiac amyloidosis has been found to co-exist in up
to 16% of patients with severe aortic stenosis [21]. In a
study by Scully et al. including 109 patients with severe
aortic stenosis, global ECV had an AUC of 0.95 and
0.87 to detect grade 2 and higher, or any grade of amy-
loidosis, respectively, using 99mTc-DPD scintigraphy
as the reference [21]. The authors proposed a threshold
of 31% as a clinical screening threshold for scintigraphy
and other examinations. Treibel et al. [34] compared
ECVr with ECV g, in 26 patients with a biopsy-proven
systemic amyloidosis and 27 patients with aortic steno-
sis and demonstrated a stronger correlation between
ECV(r and ECV;; when assessed with a late enhance-
ment scan obtained 5 min (+*=0.85) compared to 15 min
(r*=0.74) after CM injection. Moreover, they found that
ECVr was associated with increased laboratory mark-
ers (including NT-pro-BNP, troponin), a shorter distance
achieved in a 6-min walk test, and the bone scintigraphy
amyloid burden (p <0.001) [34].

In patients with known or suspected pulmonary hyper-
tension, ECVp strongly correlated with ECVyy; in the
septum and left ventricular free wall (r=0.79-0.73), while
there was only a weak correlation for the right ventricular
free wall (r=0.26) [35]. In addition, the mean pulmonary
artery pressure had a good correlation to the ECVp in
the anterior right ventricular insertion points (r=0.64),
the latter being a potential noninvasive surrogate marker
of disease severity in pulmonary hypertension.

In patients with nonischemic cardiomyopathy (hyper-
trophic or dilated cardiomyopathy, amyloidosis or
sarcoidosis), Lee H-]J et al. [18] showed that ECVy cal-
culated from dual-energy late enhancement CT scans
obtained 12 min after CM injection was significantly
higher compared to ECV in healthy subjects (p<0.01).
In the same study, authors found similar values for
ECVer (345%%9.0) and ECV,y (34.2%+9.0) [18].
Nacif et al. also observed elevated ECV values in patients
with heart failure compared to healthy volunteers and a
good correlation between ECV; and ECV; (r=0.82,
p<0.001) but also a small bias (+3%) towards higher
ECV(r compared to ECV g [14]. In contrast, Baggiano
et al. compared ECV . with ECV\;,; in 39 patients with
dilated cardiomyopathy and showed a strong correla-
tion (all segments, r=0.819) between both methods,
while ECVr values were slightly lower (31.8+6.5%
vs 33.9+8.0%, respectively, p<0.001) [36]. In general,
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myocardial ECV assessed with dual-energy CT has
an excellent reproducibility and good agreement with
ECVyg; in patients with nonischemic cardiomyopathy
[18] and heart failure [23, 38]. Moreover, ECV - is posi-
tively correlated with the NYHA classification in patients
with non-ischemic heart failure with preserved ejection
fraction [24]. ECVr may even serve as an early bio-
marker of cardiotoxicity in patients with cardiac dysfunc-
tion after anthracycline chemotherapy [39, 40] or chest
radiation therapy for esophageal cancer [41], as elevated
ECV 1 were observed in these patients.

Using a first-generation dual-source photon-counting
detector CT, Aquino et al. [33] calculated ECV( in 29
patients (13 with known cardiomyopathy, 4 with prior
myocardial infarction) using both the single-energy and
dual-energy approach and then compared these val-
ues with ECVy. The authors found a strong correla-
tion between dual- and single-energy-based techniques
(r=0.91, p<0.001) with the dual-energy approach yield-
ing the possibility of reducing radiation dose by 40%.
In addition, ECV; measured by dual-energy photon-
counting detector CT had a strong correlation with
ECVyr for midventricular and global quantification
(r=0.82 and 0.91, both p<0.001), while ECVy was
higher by approximately 2% compared to ECVy;, similar
to the results reported by Nacif et al. [14].

Representative image examples of late enhance-
ment scans including ECV ¢ calculations are shown in
Figs. 3 and 4.

The prognostic value of ECVCT

The prognostic role of ECV - for predicting outcome has

been evaluated in various clinical scenarios and diseases.
ECVr showed predictive value for outcome of patients

undergoing transcatheter aortic valve replacement (TAVR)

or surgical valve replacement [10, 21, 26, 28, 29, 42].

' i
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Ishiyama et al. demonstrated in 71 patients with severe aor-
tic valve stenosis undergoing TAVR that ECV 1 <32% was
associated with a greater reduction in left ventricular mass
at follow-up, and ECVp represented the best independ-
ent predictor of hospitalization due to heart failure [28].
Increased ECVp obtained from pre-procedural TAVR
planning CT (ECV;>33%) in patients with low-flow
low-gradient aortic stenosis was also found to be a signifi-
cant predictor of heart failure and 2-year mortality after
TAVR [10]. Similarly, Scully et al. [21] showed in 112 TAVR
patients with lone aortic stenosis (amyloidosis excluded)
that medium-term (>1.5 years) mortality hazard doubled
with a 2% increase in ECV. Furthermore, several authors
demonstrated that in patients with severe aortic steno-
sis, ECVr was significantly correlated with NYHA class,
B-natriuretic peptide, echocardiographic left ventricular
ejection fraction and E/e’ ratio, and an increased risk of
stroke as well as heart failure after transcatheter or surgical
valve replacement [26, 29, 43, 44].

In patients with confirmed systemic amyloidosis and
variable cardiac involvement, ECV .y correlated with
adverse cardiac remodeling and septal ECV - was inde-
pendently associated with all-cause mortality in patients
with transthyretin (but not light chain) amyloid (hazard
ratio: 1.046, p <0.05) [27].

ECVr was a predictor for major cardiovascular events
(MACE, defined as death, ventricular tachycardia or
fibrillation and heart failure) at follow-up in patients with
dilated cardiomyopathy with an ECV of 33% as cut-off
to distinguish between patients at high and low risk for
MACE [45].

Another potential application of ECV is the iden-
tification and characterization of myocardial injury in
patients with acute chest pain and cardiac troponin eleva-
tion. In recent years, coronary CT angiography has gained
an increasing role in the emergency setting, thanks to
the ability to rapidly rule out obstructive coronary artery

. 13
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14 17
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Fig. 3 Extracellular volume (ECV) images and maps calculated using the spectral method from late enhancement CT shows elevated myocardial
ECV in a 78-year-old male patient with confirmed transthyretin cardiac amyloidosis (ATTR)
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Iodine images of
the late enhancement CT scan

ECV superimposed on

Late enhancement CT scan .
coronary CT angiography

Late gadolinium enhancement

ECYV polar map MRI scan

Fig. 4 Late enhancement scan and extracellular volume (ECV) calculation in an 89-year-old male patient. Conventional images and iodine maps
from the late enhancement scan show increased transmural contrast enhancement of the inferoseptal, inferior and inferobasal myocardium.
Elevated ECV; values were observed in these regions suggesting a focal scar. Findings were confirmed by cardiac MRI. Note the identical extent

of the scar on both modalities

disease with simultaneous imaging of the aorta and pul-
monary arteries. However, there are acute cardiac condi-
tions with unobstructed coronary arteries, which cannot
be diagnosed by coronary CT angiography alone, such
as acute myocarditis, myocardial infarction with non-
obstructed coronary arteries, and various cardiomyopa-
thies. In this clinical scenario, implementation of a cardiac
CT protocol that allows scar detection by late iodine
enhancement and ECV assessment could be of ben-
efit to establish the proper diagnosis earlier, shorten the
hospitalization time, and avoid unnecessary downstream
tests (including cardiac MRI), thereby reducing the over-
all cost to the healthcare system [46]. Thus, Palmisano
et al. recently proposed a chest pain protocol in which a
late enhancement scan (obtained 10 min after CM appli-
cation) is performed when there are no findings in coro-
nary CT angiography [47]. In their study, they assessed 84
patients with acute chest pain, 42 of whom had an unre-
markable coronary CT angiography. The combination of
the arterial phase with late enhancement allowed for the
following diagnoses: myocarditis (52%), takotsubo cardio-
myopathy (10%), amyloidosis (7%), myocardial infarction
with non-obstructed coronary arteries (7%), dilated car-
diomyopathy (5%), whereas in 19% of the patients, there
were no or inconclusive findings. Therefore, late enhance-
ment cardiac CT may even be helpful in the acute setting
and expands the diagnostic yield of the modality.

Future outlook on potential applications

The continuously increasing availability of dual-energy-
capable CT scanners and the recent advent of clinical
photon-counting detector CT systems are advantageous
for the more widespread use of ECV calculations with
CT. The availability of spectral data for ECV calculation

render the need for a non-enhanced CT for this purpose
unnecessary. A single, spectrally acquired late enhance-
ment acquisition enables both the calculation of the
ECV¢r and the quantification of cardiac calcifications
using virtual non-enhanced images [48]. Thus, future
protocols may indicate a shift from a non-enhanced to
a standard late phase acquisition at comparable radia-
tion dose but with a higher diagnostic and prognostic
value [48]. This approach may be particularly promising
in patients planned to undergo TAVR. In these patients,
cardiac amyloidosis is a frequent finding [21], and ECV ¢
is a predictor of long-term prognosis [27].

To non-invasively calculate ECV, the patient’s serum Ht
must be measured via blood sampling. However, the Ht
may not be always available when cardiac CT scans are
performed, particularly in the outpatient setting. In this
regard, as shown with ECV,; [49, 50], some studies pro-
posed to calculate a synthetic Ht by measurements of the
attenuation (in HU) of the blood pool of non-enhanced
scans or on virtual non-enhanced images from contrast-
enhanced dual-energy CT data [51, 52].

Due to the spectral dependency of iron, the calibration
curve has to be determined for each CT scanner sepa-
rately. Moreover, several technical issues must be consid-
ered, including the influence of scan parameters such as
tube voltage and iterative reconstruction algorithms on
tissue or vascular attenuation. In dual-energy CT acqui-
sitions, the monoenergetic reconstruction level may also
have an influence on the formula to non-invasively and
synthetically calculate the Ht.

As a drawback of this method, synthetic ECV calcula-
tion has the potential for a relevant misclassification of
ECV for the individual patient, Chen et al. showed that
even when using scanner-specific models for calculating
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synthetic ECVy, the ECV could be under- or overesti-
mated by 4% compared to ECV;; calculation using the
blood Ht level [50]. This drawback may be similar in syn-
thetic ECV . calculation as Treibel et al. showed that dif-
ferences on a per patient level were as high as 8% [52].

Conclusion

Myocardial ECV is related to myocardial fibrosis, amy-
loid deposition, or edema and is associated with patient
outcome. ECV calculation represents a relatively easy,
fast, and robust technique to non-invasively detect focal
or global increases in myocardial ECV, particularly when
using dual-energy capable CT scanners. Several studies
have already shown the prognostic value of ECV quanti-
fication with CT in various cardiac disease. However, the
incremental value of ECV 1 comes at the expense of the
need to adapt the CM protocols, add radiation dose, and
extend the time needed to complete the entire cardiac
CT scan. The further availability of spectral CT machines
including photon-counting detector CT may further
enhance the clinical role of this technique in the near
future as spectral data may allow for ECV calculation
with a lower CM volume and lower radiation dose.
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