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ORIGINAL RESEARCH

Prognostic Impact of Myocardial 
Extracellular Volume Fraction Assessment 
Using Dual-Energy Computed Tomography 
in Patients Treated With Aortic Valve 
Replacement for Severe Aortic Stenosis
Masataka Suzuki, MD; Takayoshi Toba , MD, PhD; Yu Izawa, MD; Hiroshi Fujita, MD; Keisuke Miwa, MD;  
Yu Takahashi, MD; Hiroyuki Toh, MD; Hiroyuki Kawamori, MD, PhD; Hiromasa Otake , MD, PhD;  
Hidekazu Tanaka, MD, PhD; Sei Fujiwara, MD, PhD; Yoshiaki Watanabe, MD, PhD; Atsushi K. Kono , MD, PhD;  
Kenji Okada, MD, PhD; Ken-ichi Hirata, MD, PhD

BACKGROUND: Myocardial extracellular volume fraction (ECV), measured by cardiac magnetic resonance imaging, is a useful 
prognostic marker for patients who have undergone aortic valve replacement (AVR) for aortic stenosis. However, the prognos-
tic significance of ECV measurements based on computed tomography (CT) is unclear. This study evaluated the association 
between ECV measured with dual-energy CT and clinical outcomes in patients with aortic stenosis who underwent transcath-
eter or surgical AVR.

METHODS AND RESULTS: We retrospectively enrolled 95 consecutive patients (age, 84.0±5.0 years; 75% women) with severe 
aortic stenosis who underwent preprocedural CT for transcatheter AVR planning. ECV was measured using iodine density im-
ages obtained by delayed enhancement dual-energy CT. The primary end point was a composite outcome of all-cause death 
and hospitalization for heart failure after AVR. The mean ECV measured with CT was 28.1±3.8%. During a median follow-up 
of 2.6 years, 22 composite outcomes were observed, including 15 all-cause deaths and 11 hospitalizations for heart failure. 
In Kaplan-Meier analysis, the high ECV group (≥27.8% [median value]) had significantly higher rates of composite outcomes 
than the low ECV group (<27.8%) (log-rank test, P=0.012). ECV was the only independent predictor of adverse outcomes on 
multivariable Cox regression analysis (hazards ratio, 1.25; 95% CI, 1.10‒1.41; P<0.001).

CONCLUSIONS: Myocardial ECV measured with dual-energy CT in patients who underwent aortic valve intervention was an 
independent predictor of adverse outcomes after AVR.

Key Words: aortic stenosis ■ computed tomography ■ extracellular volume fraction

Aortic stenosis (AS) is a progressive disease of 
the myocardium, as well as the aortic valve itself, 
which causes continuous pressure overload on 

the left ventricle, leading to cardiac remodeling, myo-
cardial hypertrophy, and finally myocardial fibrosis,1 a 

key determinant of cardiac dysfunction in patients with 
severe AS.2,3 As the disease progresses, the patholog-
ical changes, including fibrotic replacement, become 
uncontrollable, even by aortic valve replacement (AVR), 
resulting in further impaired cardiac function and poor 
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prognosis.4 Therefore, evaluation of myocardial fibrosis 
is crucial for considering the appropriate therapeutic 
strategy and predicting prognosis.

To assess myocardial fibrosis noninvasively, car-
diac magnetic resonance (CMR) has been widely 
implemented. Late gadolinium enhancement is a well-
validated technique for visually assessing focal replace-
ment fibrosis, but it has limitations in detecting mild focal 
fibrosis and underestimates diffuse fibrosis. Myocardial 
extracellular volume fraction (ECV) measurement, using 
the T1-mapping technique, has been developed to 
overcome these limitations, allowing quantitative eval-
uation of diffuse fibrosis.5 ECV shows association with 
cardiac dysfunction and the degree of myocardial fibro-
sis in AS6,7 and has been reported to be an indepen-
dent predictor of mortality after AVR in severe AS.8

Contrast-enhanced computed tomography (CT) 
can be an alternative approach to CMR for measuring 
ECV, because of technological advances in CT, such 
as dual-energy CT, and technical improvement of CT 
scanning methods based on the pharmacokinetics 
of iodinated contrast materials.9 Recent studies have 
suggested that ECV can be successfully measured 
using single-energy as well as dual-energy CT, with 
good agreement with CMR findings.10–14 Furthermore, 
particularly in candidates for transcatheter AVR (TAVR), 
CT is more useful for evaluating ECV than CMR, be-
cause it can be measured by simply adding delayed 
myocardial enhancement imaging to the routine pre-
procedural CT used for assessing the anatomical suit-
ability for TAVR.15 Accordingly, CT assessment of ECV 
may facilitate risk stratification and prognostic predic-
tion in TAVR candidates.

Currently, there are no data on the prognostic value 
of CT-based ECV measurement in patients with severe 
AS. Thus, this study measured ECV in dual-energy 
CT for TAVR planning in patients with severe AS and 
evaluated the association between ECV and post-AVR 
clinical outcomes.

METHODS
The data that support the findings of this study are 
available from the corresponding author on reason-
able request.

Study Design
This single-center cohort study retrospectively en-
rolled consecutive patients with severe AS who un-
derwent CT angiography for TAVR planning between 
January 2015 and March 2018 at Kobe University 
Hospital. Patients underwent TAVR or surgical AVR 
(SAVR) after comprehensive clinical evaluation by a 
designated heart team following established guide-
lines. The following exclusion criteria were used: in-
adequate image quality attributable to artefacts and 
underuse of contrast agents attributable to advanced 
renal failure.

The study protocol adhered to the tenets of the 
1975 Declaration of Helsinki. We provided patients 
with an appropriate opportunity to decline consent 
under the opt-out method on the institutional web-
site; the requirement for written informed consent was 
waived. The study was approved by the institutional 
ethical committee of Kobe University Graduate School 
of Medicine.

CT Image Acquisition and Analysis
All image acquisitions were performed using a com-
mercially available third-generation dual-source CT 
scanner (SOMATOM Force, Siemens Healthcare, 

CLINICAL PERSPECTIVE

What Is New?
•	 Myocardial extracellular volume fraction, de-

rived from dual-energy computed tomography, 
was the independent predictor for composite 
outcomes of all-cause death and hospitalization 
for heart failure in patients with severe aortic 
stenosis who underwent transcatheter or surgi-
cal aortic valve replacement.

What Are the Clinical Implications?
•	 In transcatheter aortic valve replacement can-

didates, myocardial extracellular volume frac-
tion measurement with dual-energy computed 
tomography is valuable for predicting prognosis 
after aortic valve replacement and reasonable 
because it can be easily measured by adding 
delayed myocardial enhancement imaging to 
the routine preprocedural computed tomogra-
phy imaging.

Nonstandard Abbreviations and Acronyms

AS	 aortic stenosis
AVR	 aortic valve replacement
E	 early diastolic transmitral flow 

velocity
e’	 early diastolic mitral annular 

velocity
ECV	 extracellular volume fraction
SAVR	 surgical aortic valve replacement
STS-PROM	 Society of Thoracic Surgeons 

Predicted Risk of Mortality
TAVR	 transcatheter aortic valve 

replacement
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Forchheim, Germany). First, a noncontrast prospec-
tive electrocardiographic triggering CT scan for 
calcium scoring was performed with the following 
parameters at cardiac phase of 65%: collimation, 
104–192×0.6  mm; tube voltage, 120  kV; and tube 
current, 80  mA. Images for calcium scoring were 
reconstructed with a 3-mm slice thickness. Next, 
standard electrocardiographic-triggering CT angiog-
raphy for TAVR planning was performed using 12 mL 
of contrast agent (Iopamiron 370, 370 mg/mL; Bayer 
Yakuhin, Osaka, Japan) to assess the contrast agent 
transit time, using 0.6  mL/kg of contrast agent at 
a flow rate of 0.06  mL/kg per second, followed by 
0.6  mL/kg diluted contrast (1:1; contrast/physiologi-
cal saline) at the same flow rate used for angiogra-
phy.15 Delayed enhancement image acquisition was 
performed 5 minutes after CT angiography, using a 
prospective electrocardiographic-triggering dual-
energy scan with the following parameters: cardiac 
phase, 25% systole; collimation, 128×0.6  mm; tube 
voltage and current, 90/150 kV, with tin filtration and 
250/192  mA/rotation; gantry rotation time, 250  ms; 
and pitch factor, 0.15. The axial image data were 
reconstructed using the following parameters: slice 
thickness, 1  mm; slice interval, 1  mm; and field of 
view, 240 mm. Delayed enhancement image was ob-
tained routinely in the patients who underwent CT an-
giography for pre-TAVR assessment. β-Blockers and/
or nitrates were not routinely used for premedication, 
because of hemodynamic concerns in severe AS. 
Aortic valve calcium score was measured on a com-
mercially available workstation (Ziostation2 version 
2.4.2.3, Ziosoft Inc, Tokyo, Japan) using the Agatston 
method and was expressed in arbitrary units.16

ECV Measurement
ECV was measured on a commercially available 
workstation (syngo.via VB10A, Siemens Healthcare, 
Forchheim, Germany). Iodine maps were obtained 
from 150-kV (with tin filtration) and 90-kV images on the 
workstation by using postprocessing software (heart 
PBV, Siemens Healthcare), based on the 3-material de-
composition method (Figure 1A through 1C).17 After the 
iodine map images were reformatted to the short-axis 
plane with 5-mm section thickness, regions of interest 
were manually drawn on the myocardium, according to 
the American Heart Association’s 16-segment model 
of the left ventricle, to measure the iodine density in the 
myocardium (Figure 1D). A circular region of interest (at 
least 100 mm2) was drawn in the left ventricular (LV) 
cavity to measure the iodine density in the blood pool. 
In iodine map images, iodine density was expressed in 
mg/mL. ECV was calculated using the following equa-
tion: ECV (%)=(1−hematocrit)×(iodine density in myo-
cardium)/(iodine density in blood pool)×100.13

Echocardiographic Measurement
Commercially available echocardiography sys-
tems were used for this study. All parameters were 
measured using the current American Society of 
Echocardiography and European Association of 
Echocardiography guidelines.18 The LV ejection frac-
tion (LVEF) was measured using the modified Simpson 
method. LV mass was calculated with the cube for-
mula. The early diastolic transmitral flow velocity (E) 
was measured using pulsed-wave Doppler echocardi-
ography. Spectral pulsed-wave Doppler-derived early 
diastolic mitral annular velocity (e’) was obtained by 
averaging the septal and lateral mitral annular velocity, 
and the E/e’ ratio was calculated. The peak aortic-jet 
velocity was measured using continuity-wave Doppler 
mode. The aortic valve mean gradient was determined 
by tracing the velocity-time integral of the transaortic 
valvar flow, which was measured by using continuous-
wave Doppler mode. The aortic valvar orifice area was 
calculated by the continuity equation and then indexed 
to the body surface area. The low-flow, low-gradient 
subtype included both the classic and paradoxical 
low-flow, low-gradient subtype.19

Study End Point
The primary end point of this study was a compos-
ite outcome of all-cause death and hospitalization 
for heart failure after AVR. The secondary end points 
were all-cause death, cardiac death, or hospitaliza-
tion for heart failure. A standard definition was used 
to examine clinical events related to hospitalization 
for heart failure.20 Cardiac death was defined as 
death attributable to myocardial ischemia and infarc-
tion, heart failure, or cardiac arrest resulting from 
arrhythmia or unknown cause. Clinical events were 
assessed by review of electronic medical records, 
reports from family members, and telephone inter-
views. The first event (death or hospitalization for 
heart failure) in each patient served as the clinical 
end point of interest.

Statistical Analysis
The normality of data distribution of all continuous 
variables was assessed using the Shapiro-Wilk test. 
Continuous variables are expressed as means±SD or 
median (interquartile range [IQR]), as appropriate, and 
were compared using the Student t-test or the Mann-
Whitney U test. Categorical variables are expressed as 
counts and percentages and were compared using χ2 
or Fisher exact tests. The correlation was evaluated by 
using the Pearson or Spearman correlation coefficient 
appropriately.

Twenty randomly chosen participants were used 
to evaluate intraobserver and interobserver reliabilities 
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of ECV measurements using the intraclass correlation 
coefficient and Bland-Altman plot.

For the time-to-event analyses, cumulative inci-
dence curves were constructed with the use of the 
Kaplan-Meier method, and the event rates were com-
pared using the log-rank test. Competing-risk cu-
mulative incidence method was used to estimate the 
cumulative risk of hospitalization for heart failure, and 
the Gray test was used to compare the study groups 
because death without evidence of hospitalization for 
heart failure was considered as a competing risk in the 
analysis. Univariable Cox regression analysis was per-
formed to determine which variables were associated 
with the composite outcome. The significant variables 
on univariable analysis were included in the multivari-
able Cox regression model.

The statistical analyses were performed using JMP 
version 14.2.0 (SAS Institute, Cary, NC) and R version 
3.6.3 (R Foundation for Statistical Computing, Vienna, 
Austria). P<0.05 was considered statistically significant.

RESULTS
Study Population
A total of 147 patients with severe AS underwent CT 
angiography for TAVR planning during the study pe-
riod. After excluding 33 patients who did not take the 
intervention for the aortic valve, we excluded 19 pa-
tients because of artefact-related inadequate image 
quality (n=10), low-contrast agent usage attributable 
to impaired renal function (n=7), or unavailable images 

Figure 1.  Methods for measuring extracellular volume fraction with dual-energy computed 
tomography.
On the basis of 150-kV (with tin filtration) (A) and 90-kV (B) delayed enhancement images, iodine maps 
(C) were obtained by using postprocessing software. After the iodine map images were reformatted to 
the short-axis plane (D), regions of interest (ROIs) were manually drawn on the myocardium, according to 
the American Heart Association’s 16-segment model, to measure the iodine density in the myocardium. 
A circular ROI was drawn in the left ventricular cavity to measure the iodine density in the blood pool.

A B

C D
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(n=2). Thus, 95 patients (mean age, 84.0±5.0  years; 
75% women) were studied (Figure  2). The median 
Society of Thoracic Surgeons Predicted Risk of 
Mortality (STS-PROM) score was 5.85% (IQR, 4.39%‒
9.43%). The proportions of patients who underwent 
TAVR and SAVR were 78% and 22%, respectively. In 
the subgroup analysis, the SAVR group had a higher 
STS-PROM score than the TAVR group (7.93% [IQR, 
5.28%–11.88%] versus 5.67% [IQR, 4.33%–9.05%]; 
P=0.049) (Table S1).

ECV Assessment With Dual-Energy CT
Mean ECV was 28.1±3.8%. ECV data were normally 
distributed, with the mean approximately equal to the 
median (27.8%) (Figure 3). There is high variability in the 
number of patients clustering between 24% and 30% 
ECV values. The intraclass correlation coefficients for 
the intraobserver and interobserver measurements of 
the ECV were 0.965 and 0.930, respectively. In Bland-
Altman plots, the mean intraobserver and interobserver 
differences were −0.19% (95% limit of agreement, 
−1.62% to 1.24%) and 0.40% (95% limit of agreement, 
−1.63% to 2.42%), respectively (Figure 4).
CT scans were performed at a median of 42  days 
(IQR, 18‒69 days) before AVR. The median interval be-
tween the blood test and CT scan was 0 days (IQR, 
0–3 days). At CT acquisition, the mean heart rate was 
68±14  beats/min. Mean effective radiation doses of 
dual-energy scans and mean contrast material volume 
per body weight were 4.7±2.0 mSv and 0.93±0.26 mL/
kg, respectively.

Comparison of Patient Data between Low 
and High ECV
Patients were divided into low and high ECV groups, 
based on the median ECV (Table 1). Mean ECV was 
25.2±2.0% and 30.9±2.8% in the low and high ECV 
groups, respectively (P<0.001). Age and sex were simi-
lar in both groups. Body mass index and hematocrit 
values were significantly lower in the high ECV group, 
which also had a higher New York Heart Association 
class and B-type natriuretic peptide levels. Among the 
echocardiographic parameters, the high ECV group 

Figure 2.  Flow diagram of study participants.
AS indicates aortic stenosis; AVR, aortic valve replacement; CT, computed tomography; SAVR, surgical 
AVR; and TAVR, transcatheter AVR.

Figure 3.  Histogram of extracellular volume fraction (ECV) 
distribution.
ECV was normally distributed, and the mean (28.1±3.8%) and 
median (27.8%) ECV were almost equal.
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had lower LVEF and higher E/e’. However, the 2 groups 
had similar echocardiographic measurements related 
to AS severity, such as transaortic valvar mean pres-
sure gradient. There were no significant differences in 
the treatment approach.

Correlation of ECV With LV 
Decompensation and Severity of AS
Scattergrams indicating the correlation of ECV with 
measurements related to LV decompensation and AS 
severity are shown in Figure 5. ECV was significantly 
positively correlated with B-type natriuretic peptide 
(r=0.395; P<0.001) and the E/e’ ratio (r=0.223; P=0.038) 
and negatively correlated with LVEF (r=−0.251; P=0.014) 
(Figure 5A through 5C). There was no significant cor-
relation between ECV and echocardiographic param-
eters related to AS severity and the aortic valve calcium 
score (Figure 5D through 5F).

Relationship between ECV and Clinical 
Events
During a median follow-up of 2.6  years (IQR, 1.9‒
3.3 years) after AVR, 22 (23%) the composite outcome 
occurred, including 15 (16%) all-cause deaths, 6 (6%) 
cardiac deaths, and 11 (12%) hospitalizations for heart 
failure. Two deaths occurred within 30 days of AVR. In 
Kaplan-Meier analysis, the high ECV group had sig-
nificantly higher rates of all-cause mortality and hos-
pitalizations for heart failure than the low ECV group 
(P=0.012) (Figure 6A). All-cause mortality was signifi-
cantly higher in the high than in the low ECV group 
(P=0.009) (Figure 6B). Cardiac death and hospitaliza-
tion for heart failure occurred more frequently in the 
high ECV group, but this was not statistically signifi-
cant (P=0.078 and P=0.11, respectively) (Figure  6C 
and 6D). In the univariable analysis, New York Heart 
Association class III or IV, atrial fibrillation, and ECV 
were significantly associated with the composite 

outcomes (Table 2). In the multivariable Cox regression 
analysis, only ECV was independently associated with 
the composite outcomes (hazards ratio, 1.25; 95% CI, 
1.10‒1.41; P<0.001). In the subgroup analysis between 
TAVR and SAVR groups, ECV in each group was also 
significantly associated with the composite outcomes 
(Tables S2 and S3).

DISCUSSION
In the current study, we measured ECV using the 
iodine-density method with delayed enhancement 
dual-energy CT images. We demonstrated significant 
correlation of ECV with laboratory and echocardio-
graphic findings related to LV decompensation, as well 
as significant association between ECV and clinical 
outcomes in patients with severe AS who underwent 
AVR. Furthermore, ECV was the only independent pre-
dictor of all-cause death and hospitalization for heart 
failure.

ECV Measurement Using Dual-Energy CT
Recent research studies have suggested that contrast-
enhanced CT can be an alternative to CMR for meas-
uring ECV.10–14 Although CMR is a well-established 
modality for evaluating ECV and produces excellent 
soft tissue contrast without radiation exposure, it 
has several limitations, such as a longer acquisition 
time, limited scan slices, and contraindication, in pa-
tients with claustrophobia or implanted pacemaker. 
Meanwhile, contrast-enhanced CT, although it re-
quires some radiation exposure, has high spatial and 
temporal resolutions; besides, the soft tissue con-
trast has improved because of advancements in CT 
scanners and scanning methods. Particularly in TAVR 
candidates, ECV can be measured by simply adding 
a dual-energy CT image during routine acquisition of 
delayed enhancement preprocedural CT images, with 

Figure 4.  Bland-Altman plots showing intraobserver (A) and interobserver (B) reproducibility of 
extracellular volume fraction measurements.
The mean intraobserver and interobserver differences were −0.19% (95% limit of agreement, −1.62% to 
1.24%) and 0.40% (95% limit of agreement, −1.63% to 2.42%), respectively.
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Table 1.  Patient Characteristics

Characteristics

All patients Low ECV group High ECV group

(n=95) (n=47) (n=48) P value

Age, y 84.0±5.0 84.5±4.3 83.5±5.6 0.34

Female sex, n (%) 71 (75) 35 (74) 36 (75) 0.95

Body mass index, kg/m2 22.6±3.8 23.6±3.6 21.5±3.7 0.006*

Body surface area, m2 1.42±0.16 1.44±0.17 1.40±0.16 0.23

Clinical status

NYHA class III or IV 30 (32) 8 (17) 22 (46) 0.002*

STS-PROM score, % 5.85 (4.39–9.43) 5.67 (4.22–9.24) 6.45 (4.49–9.89) 0.58

Medical history, n (%)

Hypertension 70 (74) 38 (81) 32 (67) 0.11

Dyslipidemia 35 (37) 20 (43) 15 (31) 0.25

Diabetes 20 (21) 10 (21) 10 (21) 0.96

Chronic kidney disease 39 (41) 19 (40) 20 (42) 0.90

Atrial fibrillation 16 (17) 6 (13) 10 (21) 0.29

Previous PCI 20 (21) 8 (17) 12 (25) 0.34

Previous CABG 2 (2) 1 (2) 1 (2) 0.99

Previous myocardial infarction 5 (5) 1 (2) 4 (8) 0.16

Implantable cardiac device 2 (2) 1 (2) 1 (2) 0.99

Blood examination findings

Hematocrit, % 35.3±4.5 36.2±4.2 34.4±4.6 0.047*

Creatinine, mg/dL 0.85 (0.68–1.01) 0.87 (0.69–1.06) 0.84 (0.68–1.00) 0.63

eGFR, mL/min/1.73 m2 54.6±16.4 53.2±16.1 56.0±16.8 0.41

BNP, pg/mL 268.5 (105.1–512.7) 159.6 (70.9–308.6) 358.7 (201.1–655.7) <0.001*

Echocardiographic measures

LV end-diastolic volume, mL 69.9 (53.4–89.5) 69.7 (52.0–88.3) 70.2 (53.8–95.2) 0.54

LV end-systolic volume, mL 24.4 (18.0–36.6) 23.5 (17.0–34.7) 26.7 (19.4–38.8) 0.19

LVEF, % 63.9 (56.0–71.0) 67.0 (60.6–72.0) 61.5 (52.3–69.8) 0.049*

LV mass, g 163.0 (136.4–211.7) 152.6 (136.4–193.7) 175.0 (132.4–231.3) 0.26

E/e’ ratio 23.1 (16.3–30.9) 21.2 (15.7–29.2) 25.6 (17.6–33.8) 0.036*

Peak aortic-jet velocity, cm/s 451.0 (425.8–491.1) 449.5 (425.8–492.4) 459.1 (421.8–490.7) 0.95

Mean aortic valve gradient, mm Hg 51.4±13.4 51.5±13.2 51.4±13.8 0.97

Aortic valve area, cm2 0.61±0.16 0.62±0.14 0.59±0.19 0.27

Indexed aortic valve area, cm2/m2 0.43±0.11 0.44±0.10 0.42±0.13 0.53

Bicuspid aortic valve, n (%) 7 (7) 3 (6) 4 (8) 0.72

Low-flow, low-gradient subtype, n (%) 9 (9) 3 (6) 6 (13) 0.30

CT measures

ECV, % 28.1±3.8 25.2±2.0 30.9±2.8 <0.001*

Aortic valve calcium score, AU 2307.1 (1659.4–3308.9) 2307.1 (1550.0–3259.0) 2296.3 (1703.4–3376.5) 0.69

Intervention for aortic valve, n (%)

SAVR 21 (22) 12 (26) 9 (19) 0.43

TAVR 74 (78) 35 (74) 39 (81)

Continuous variables are expressed as mean±SD or median (interquartile range) and were compared using the Student t-test or the Mann-Whitney U test, 
as appropriate. Categorical variables are expressed as counts and percentages and were compared using χ2 or Fisher exact tests. AU indicates Agatston unit; 
BNP, B-type natriuretic peptide; CABG, coronary artery bypass grafting; CT, computed tomography; E, early diastolic transmitral flow velocity; e’, early diastolic 
mitral annular velocity; ECV, extracellular volume fraction; eGFR, estimated glomerular filtration rate; LV, left ventricular; LVEF, LV ejection fraction; NYHA, 
New York Heart Association; PCI, percutaneous coronary intervention; SAVR, surgical aortic valve replacement; STS-PROM, Society of Thoracic Surgeons 
Predicted Risk of Mortality; and TAVR, transcatheter aortic valve replacement.

*P<0.05.
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low additional radiation (4.7±2.0  mSv). It may be ap-
propriate for elderly patients with severe AS who tend 
not to tolerate CMR because of the long acquisition 
times and long breath holds. Actually, a few studies 
have evaluated ECV measured with additional delayed 
enhancement images on routine preprocedural TAVR-
planning CT,21,22 and found mean ECV values in pa-
tients with severe AS of 28% to 32%, similar to our 
results.

There are 2 methods for ECV measurement by CT: 
the subtraction method, using single-energy CT, and 
the iodine-density method, using dual-energy CT. The 
subtraction method is a previously validated standard 
method that requires precontrast and postcontrast 
equilibrium phase images. This method enables both 
single- and dual-energy CT scanners to evaluate ECV. 
However, differentiating between the myocardium and 
blood on precontrast CT images is challenging, lead-
ing to misregistration of precontrast and postcontrast 
images. In contrast, the iodine-density method uses 
only the equilibrium-phase iodine density images 

generated by dual-energy CT images. These images 
show the spread of iodine in a voxel at a state of equi-
librium, and ECV can be measured without the need 
for precontrast images. We measured ECV using the 
iodine-density method with delayed enhancement 
dual-energy CT images and found the method to be 
highly reproducible (interobserver intraclass correla-
tion coefficient, 0.930). The iodine-density method 
can reduce radiation dose because it alleviates the 
need for precontrast images.23 Moreover, dual-energy 
CT allows improvement in the signal/noise ratio by 
using virtual monoenergetic images and iodine maps 
compared with single-energy CT.24,25 In addition, the 
iodine-density method is reportedly more reliable as 
a diagnostic modality for myocardial fibrosis.14 Emoto 
et al measured ECV using 2 CT-based methods and 
compared these measurements with the CMR method. 
The iodine-density method was more accurate than 
the subtraction method, using CMR as the reference 
standard method. Therefore, we adopted the iodine-
density method in dual-energy CT in the current study.

Figure 5.  Scattergram indicating correlation of extracellular volume fraction (ECV) with B-type natriuretic peptide (BNP) 
(A), left ventricular ejection fraction (LVEF) (B), early diastolic transmitral flow velocity (E)/early diastolic mitral annular 
velocity (e’) ratio (C), mean aortic valve (AV) gradient (D), indexed AV area (E), and AV calcium score (F).
BNP, LVEF, and E/e’ ratio were significantly correlated with ECV, whereas there was no significant correlation between ECV and 
parameters related to aortic stenosis severity. AU indicates Agatston unit.
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Clinical Significance of ECV Assessment
In the present study, ECV measured with CT was sig-
nificantly associated with New York Heart Association 
class and B-type natriuretic peptide. Similarly, sev-
eral studies showed that ECV measured with CMR 
correlated positively with NT-proBNP (N-terminal 
pro-B-type natriuretic peptide) and was significantly 
associated with clinical symptoms, expressed as New 
York Heart Association class and 6-minute walk test 
distance, in patients with severe AS.8,26 Furthermore, 
we demonstrated that ECV and echocardiographic 
measurements of LVEF and the E/e’ ratio, indicating 
both systolic and diastolic dysfunction, correlated sig-
nificantly. Previous studies have reported that higher 
ECV measured with CMR was significantly associ-
ated with lower LVEF and higher E/e’ ratio in patients 
with severe AS,6,8 in agreement with our study results. 
Taken together, these findings imply that ECV could 

be a composite marker indicating both hormonal and 
hemodynamic abnormalities in patients with AS.

Interestingly, ECV measured with CT was not signifi-
cantly associated with the severity of AS, as determined 
in transthoracic echocardiogram and CT. Several clin-
ical studies have suggested that ECV measured with 
CMR was not associated with echocardiographic pa-
rameters, reflecting the severity of AS in patients un-
dergoing AVR.6,8 The authors speculated that this is 
because AS progression leads to myocardial fibrosis 
and LV dysfunction, which decrease the aortic valve 
pressure gradient. However, this cannot explain the 
lack of significant correlation between ECV and the 
aortic valve calcium score in the current study. This 
score, the gold standard for evaluating the severity of 
low-flow, low-gradient AS, was reported to be signifi-
cantly associated with the severity of AS, irrespective 
of cardiac systolic function.27 To date, no association 

Figure 6.  Cumulative incidence curves between the low and high extracellular volume fraction (ECV) groups.
The high ECV group had significantly higher rates of the composite outcomes of all-cause death and hospitalization for heart failure 
(P=0.012) (A) and higher rates of all-cause death (P=0.009) (B). Cardiac death and hospitalization for heart failure occurred more 
frequently in the high ECV group, although this was not statistically significant (P=0.078 and P=0.11, respectively) (C and D).
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between ECV and the aortic valve calcium score has 
been reported. Given that the ECV is irrelevant to AS 
severity, our findings implied that the ECV might reflect 
cardiac impairment not only because of severe AS, but 
also because of unspecified cardiomyopathies, such 
as cardiac amyloidosis, hypertrophic cardiomyopathy, 
myocardial inflammation, and myocardial infarction, 
which elevate ECV by causing alterations in the ex-
tracellular component of the myocardium.5 In partic-
ular, cardiac amyloidosis is concomitantly observed in 
14% to 16% of TAVR candidates.28,29 A recent article 
demonstrated that ECV derived from CT can detect 
dual AS-amyloid pathology in TAVR candidates.21,22 
From this perspective, our results might suggest that 
patients with AS with higher ECV have a higher prob-
ability of concomitant cardiac amyloidosis, and thus a 
poor prognosis.

Prognostic Impact of ECV Measurement
ECV measured with CT was the only independent 
predictor of composite outcomes of all-cause death 
and hospitalization for heart failure in the present 
study. Histological studies reported that the degree of 

myocardial fibrosis at the time of AVR was significantly 
associated with the degree of LV functional improve-
ment and clinical outcomes, including mortality and 
symptoms of heart failure.2,30 In previous analysis of 
the association between CMR-determined ECV and 
adverse outcomes in patients with AS,6,31 ECV was 
closely related to all-cause death and heart failure, al-
though it was not significant, because of relatively small 
sample sizes. More recently, Everett et al8 conducted 
an international multicenter study to evaluate the as-
sociation between CMR-determined ECV and clinical 
outcomes after AVR in 440 patients with severe AS. 
They found that ECV was independently associated 
with all-cause mortality after AVR after adjustment for 
various well-established prognostic markers, includ-
ing age, sex, and LVEF, consistent with our results. To 
the best of our knowledge, no previous investigation 
has demonstrated the significant association between 
ECV, measured by the iodine-density method using 
dual-energy CT, and clinical outcomes in patients with 
AS.

Notably, the STS-PROM score was not significantly 
associated with the primary end point. However, in 
the subgroup analysis, the STS-PROM score was 

Table 2.  Univariable and Multivariable Cox Regression Analysis for Composite Outcome

Characteristics

Univariable analysis Multivariable analysis

HR 95% CI P value HR 95% CI P value

Age, y 1.03 0.94–1.13 0.55

Male sex 1.30 0.53–3.19 0.58

Body mass index, kg/m2 0.90 0.79–1.01 0.071

NYHA class III or IV 2.79 1.20–6.46 0.019* 1.18 0.45–3.09 0.74

STS-PROM score, % 1.05 0.96–1.15 0.27

Atrial fibrillation 2.89 1.18–7.11 0.032* 1.86 0.69–5.04 0.23

Coronary artery disease 0.72 0.28–1.84 0.48

Implantable cardiac device 2.23 0.28–17.47 0.49

BNP, pg/mL 1.00 0.99–1.00 0.073

LVEF, % 0.99 0.96–1.02 0.50

LV mass, g 1.00 0.99–1.01 0.81

E/e’ ratio 1.01 0.98–1.04 0.39

Peak aortic-jet velocity, cm/s 1.00 0.99–1.01 0.61

Mean aortic valve gradient, mm Hg 1.00 0.97–1.04 0.79

Indexed aortic valve area, cm2/m2 7.30 0.19–289.6 0.28

Bicuspid aortic valve 0.53 0.07–3.92 0.49

Low-flow, low-gradient subtype 1.56 0.46–5.29 0.50

ECV, % 1.29 1.15–1.44 <0.001* 1.25 1.10–1.41 <0.001*

Aortic valve calcium score, AU 1.00 0.99–1.00 0.58

TAVR 1.95 0.61–6.22 0.23

Univariable Cox regression analysis was performed to identify the variables that were associated with the composite outcome. Significant variables identified 
in the univariable analysis were included in the multivariable Cox regression model. Coronary artery disease defined as history of previous myocardial infarction, 
percutaneous coronary intervention, or coronary artery bypass grafting. AU indicates Agatston unit; BNP, B-type natriuretic peptide; CI, confidence interval; E, 
early diastolic transmitral flow velocity; e’, early diastolic mitral annular velocity; ECV, extracellular volume fraction; HR, hazard ratio; LV, left ventricular; LVEF, 
LV ejection fraction; NYHA, New York Heart Association; STS-PROM, Society of Thoracic Surgeons Predicted Risk of Mortality; and TAVR, transcatheter aortic 
valve replacement.

* P<0.05.
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significantly associated with the primary end point in 
the SAVR group, although not in the TAVR group. The 
STS-PROM score is one of the well-established prog-
nostic indicators following AVR. However, contrary to 
our findings, recent Japanese cohort studies have 
demonstrated that the STS-PROM score has predic-
tive power for clinical outcomes in older Japanese pa-
tients treated with TAVR.32,33 In our study, we noted a 
higher incidence of primary end point in patients un-
dergoing TAVR with high STS-PROM score, although 
this tendency was not statistically significant. If the 
sample size was larger, the STS-PROM score might 
have been significantly associated with the prognosis 
in patients who underwent TAVR. Further investiga-
tions with a larger sample size and longer follow-up 
period are required to establish a more robust prog-
nostic prediction model.

Study Limitations
This study has several limitations. First, this was a 
single-center, retrospective study, and may have had 
selection bias, even though we enrolled patients con-
secutively. Second, the sample size was relatively small, 
attributable to which the statistical power was relatively 
low. To avoid type II errors, future studies must assess 
larger samples of patients. Third, the study population 
was limited to older, mainly female patients, affect-
ing generalizability of our findings. Fourth, a single CT 
scanner vendor was used in the current study. The per-
formance of ECV measured by using other CT vendors 
has not been assessed. Fifth, for the assessment of 
clinical events, we used reports from family members 
and telephone interviews in those patients who did not 
visit our institution for follow-up. Therefore, some recall 
bias may potentially have occurred. Finally, we did not 
screen other concomitant cardiomyopathies using im-
aging modalities such as CMR, scintigraphy, and myo-
cardial biopsy, which may have caused ECV elevation.

CONCLUSIONS
Myocardial ECV using dual-energy CT was significantly 
associated with the composite outcomes of all-cause 
death and hospitalization for heart failure in patients 
with severe AS who underwent AVR. ECV measure-
ments with CT obtained before AVR may be valuable 
for predicting prognosis in this population.
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Table S1. Patient characteristics between TAVR and SAVR groups. 

TAVR group SAVR group 

(n = 74) (n = 21) p Value 

Age, years 85.0 ± 4.1 80.5 ± 6.2 <0.001 

Female, n (%) 57 (77) 14 (67) 0.35 

Body mass index, kg/m2 22.7 ± 4.0 22.2 ± 2.9 0.58 

Body surface area, m2 1.41 ± 0.16 1.43 ± 0.17 0.73 

Clinical status 

NYHA class III or IV 26 (35) 4 (19) 0.15 

STS-PROM score, % 5.67 (4.33–9.05) 7.93 (5.28–11.88) 0.049 

Past medical history 

Hypertension, n (%) 52 (70) 18 (86) 0.14 

Dyslipidemia, n (%) 26 (35) 9 (43) 0.52 

Diabetes mellitus, n (%) 14 (19) 6 (29) 0.35 

Chronic kidney disease, n (%) 29 (39) 10 (48) 0.49 

Atrial fibrillation, n (%) 13 (18) 3 (14) 0.72 

Previous PCI, n (%) 18 (24) 2 (10) 0.12 

Previous CABG, n (%) 2 (3) 0 (0) 0.31 

Previous myocardial infarction, n (%) 5 (7) 0 (0) 0.11 

Implantable cardiac device, n (%) 0 (0) 2 (10) 0.013 

Blood exams 

Hematocrit, % 35.0 ± 4.4 36.5 ± 4.8 0.18 

Creatinine, mg/dl 0.83 (0.68–1.04) 0.88 (0.74–0.98) 0.66 

eGFR, ml/min/1.73m2 54.8 ± 17.1 53.9 ± 13.8 0.83 

BNP, pg/ml 292.4 (121.9–523.1) 159.4 (82.3–550.3) 0.28 

Echocardiographic measures 

LV end-diastolic volume, ml 69.7 (54.6–88.7) 72.0 (50.2–92.5) 0.99 

LV end-systolic volume, ml 24.2 (18.7–35.7) 24.7 (15.0–38.7) 0.95 

LVEF, % 63.7 (56.0–70.6) 67.1 (54.6–71.7) 0.63 

LV mass, g 164.5 (139.7–214.7) 149.5 (124.5–218.3) 0.56 

E/e’ ratio 23.1 (16.8–29.4) 23.1 (14.8–39.9) 0.77 
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Peak aortic-jet velocity, cm/s 450.3 (426.9–488.1) 456.9 (413.5–545.3) 0.74 

Mean aortic valve gradient, mm Hg 51.5 ± 12.1 51.3 ± 17.7 0.96 

Aortic valve area, cm2 0.61 ± 0.15 0.59 ± 0.21 0.59 

Indexed aortic valve area, cm2/m2 0.43 ± 0.11 0.41 ± 0.14 0.44 

Bicuspid aortic valve, n (%) 2 (3) 5 (24) 0.004 

Low-flow, low-gradient subtype, n (%) 6 (8) 3 (14) 0.41 

CT measures 

ECV, % 28.3 ± 3.9 27.4 ± 3.2 0.36 

Aortic valve calcium score, AU 2293.6 (1569.2–

3305.6) 

2378.3 (1928.8–

3311.0) 
0.72 

Clinical events 0.43 

Composite outcome*, n (%) 18 (24) 4 (19) 0.61 

All-cause death, n (%) 13 (18) 2 (10) 0.35 

Cardiac death, n (%) 5 (7) 1 (5) 0.73 

Hospitalization for heart failure, n (%) 9 (12) 2 (10) 0.73 

Values are mean ± standard deviation, n (%) , or median (interquartile range) . *Composite 

outcome defined as all-cause death or hospitalization for heart failure. P values < 0.05 are 

shown in bold. 

AU, Agatston unit; BNP, B-type natriuretic peptide; CABG, coronary artery bypass grafting; 

CT, computed tomography; ECV, extracellular volume fraction; eGFR, estimated glomerular 

filtration rate; LV, left ventricular; LVEF, left ventricular ejection fraction; NYHA, New York 

Heart Association; PCI, percutaneous coronary intervention; SAVR, surgical aortic valve 

replacement; STS-PROM, Society of Thoracic Surgeons Predicted Risk of Mortality; TAVR, 

transcatheter aortic valve replacement. 
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Table S2. Univariable Cox regression analysis for composite outcome in TAVR 

group. 

Univariable 

HR 95% CI p Value 

Age, years 1.02 0.90–1.16 0.79 

Male 1.59 0.60–4.24 0.37 

Body mass index, kg/m2 0.93 0.81–1.05 0.22 

NYHA class III or IV 2.74 1.05–7.15 0.041 

STS-PROM score, % 1.00 0.88–1.11 0.95 

Atrial fibrillation 1.74 0.56–5.39 0.36 

Coronary artery disease* 0.55 0.18–1.68 0.27 

Implantable cardiac device - - - 

BNP, pg/ml 1.0006 0.9998–1.0012 0.12 

LVEF, % 0.99 0.95–1.02 0.39 

LV mass, g 1.00 0.99–1.01 0.36 

E/e' ratio 1.00 0.96–1.03 0.85 

Peak aortic-jet velocity, cm/s 1.01 0.99–1.02 0.21 

Mean aortic valve gradient, mm Hg 1.04 0.99–1.08 0.052 

Indexed aortic valve area, cm2/m2 0.43 0.005–39.73 0.71 

Bicuspid aortic valve 2.51 0.33–19.06 0.43 

Low-flow, low-gradient subtype 0.37 0.05–3.01 0.29 

ECV, % 1.26 1.11–1.42 <0.001 

Aortic valve calcium score, AU 1.0004 1.0000–1.0008 0.044 

*Coronary artery disease defined as history of previous myocardial infarction, percutaneous 

coronary intervention, or coronary artery bypass grafting. P values < 0.05 are shown in bold. 

AU, Agatston unit; BNP, B-type natriuretic peptide; CI, confidence interval; ECV, extracellular 

volume fraction; HR, hazard ratio; LV, left ventricular; LVEF, left ventricular ejection fraction; 

NYHA, New York Heart Association; STS-PROM, Society of Thoracic Surgeons Predicted 

Risk of Mortality; TAVR, transcatheter aortic valve replacement.
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Table S3. Univariable Cox regression analysis for composite outcome in SAVR 

group. 

Univariable 

HR 95% CI p Value 

Age, years 1.05 0.89–1.26 0.58 

Male 0.62 0.06–5.97 0.67 

Body mass index, kg/m2 0.71 0.44–1.06 0.098 

NYHA class III or IV 4.36 0.61–31.08 0.16 

STS-PROM score, % 1.27 1.05–1.62 0.014 

Atrial fibrillation 20.16 2.06–197.79 0.005 

Coronary artery disease* 1.86 0.26–13.3 0.54 

Implantable cardiac device 5.67 0.50–64.08 0.22 

BNP, pg/ml 1.003 0.999–1.006 0.12 

LVEF, % 1.01 0.94–1.13 0.86 

LV mass, g 0.98 0.96–1.00 0.11 

E/e' ratio 1.04 0.99–1.10 0.098 

Peak aortic-jet velocity, cm/s 0.99 0.98–1.00 0.096 

Mean aortic valve gradient, mm Hg 0.96 0.90–1.01 0.13 

Indexed aortic valve area, cm2/m2 19.39 0.17–3003.84 0.21 

Bicuspid aortic valve 0.88 0.09–8.51 0.91 

Low-flow, low-gradient subtype 20.47 1.75–238.84 0.016 

ECV, % 1.87 1.15–3.99 0.009 

Aortic valve calcium score, AU 0.9993 0.9981–1.0002 0.13 

*Coronary artery disease defined as history of previous myocardial infarction, percutaneous 

coronary intervention, or coronary artery bypass grafting. P values < 0.05 are shown in bold. 

AU, Agatston unit; BNP, B-type natriuretic peptide; CI, confidence interval; ECV, extracellular 

volume fraction; HR, hazard ratio; LV, left ventricular; LVEF, left ventricular ejection fraction; 

NYHA, New York Heart Association; SAVR, surgical aortic valve replacement; STS-PROM, 

Society of Thoracic Surgeons Predicted Risk of Mortality.
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