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Abstract

Objective

This study investigated the morphological and functional characteristics of the aortic valve
and the left ventricular (LV) systolic functional parameters and myocardial mass related to
the severity of myocardial fibrosis (MF) in patients with severe aortic valve stenosis (AS).

Materials and Methods

We retrospectively enrolled 81 patients (48 men; mean age: 59+12 years) with severe AS
who underwent transthoracic echocardiography (TTE), cardiac computed tomography
(CCT), and cardiovascular magnetic resonance (CMR) within 1 month and subsequent aor-
tic valve surgery. Degree of MF was determined on delayed contrast-enhanced CMR with
visual sub-segmental analysis-based quantification and was classified into three groups
(no, mild, and severe) for identifying the differences in LV function and characteristics of the
aortic valve. One-way ANOVA, Chi-square test or Fisher’s exact test were used to compare
variables of the three groups. Univariate multinomial logistic regression analysis was per-
formed to determine the association between the severity of MF and variables on imaging
modalities.

Results

Of 81 patients, 34 (42%) had MF (mild, n = 18; severe, n = 16). Aortic valve calcium volume
score on CCT, aortic valve area, LV mass index, LV end-diastolic volume index on CMR,
presence of mild aortic regurgitation (AR), transaortic mean pressure gradient, and peak
velocity on TTE were significantly different among the three groups and were associated
with severity of MF on a univariate multinomial logistic regression analysis. Aortic valve cal-
cium grade was different (p = 0.008) among the three groups but not associated with sever-
ity of MF (p=0.375).
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Conclusions

A multi-imaging approach shows that severe AS with MF is significantly associated with
more severe calcific AS, higher LV end-diastolic volume, higher LV mass, and higher preva-
lence of mild AR.

Introduction

Aortic valve stenosis (AS) is the most common valvular heart disease (VHD) requiring valve
replacement and increases in prevalence with advancing age [1-3]. AS leads to increased left
ventricular (LV) afterload and causes compensatory LV hypertrophy to minimize wall stress
and maintain cardiac output. LV hypertrophy can cause reversible myocardial ischemia before
deteriorating to irreversible myocardial injury such as interstitial myocardial fibrosis (MF)
that may lead to LV systolic and diastolic dysfunction [4]. Several studies have demonstrated
that early surgical treatment for patients with asymptomatic severe AS improves clinical out-
comes compared to patients that have become symptomatic from delayed surgical treatment
[5]. However, until now, definite surgical treatment criteria for patients with asymptomatic AS
have not been well established [6].

Recent studies have shown that focal MF appears as a diverse pattern of midwall delayed
enhancements on delayed contrast-enhanced cardiovascular magnetic resonance (DCE-CMR)
images in patients with severe AS [7-9]. The size of the delayed enhancement on DCE-CMR
correlates well with the amount of MF at a histologic examination [8]. Given that MF is associ-
ated with more severe AS and a worse long-term outcome after aortic valve replacement sur-
gery [8,10], early detection of MF could prove to be important in improving patient prognosis.

Several studies have investigated differences in the characteristics of AS and parameters of
LV dysfunction according to the presence or absence of MF in patients with aortic valve dys-
function [8,11]. However, there is a lack of studies that comprehensively compare aortic valve
and LV parameters using transthoracic echocardiography (TTE), cardiac computed tomogra-
phy (CCT), and CMR with the severity of MF as assessed by DCE-CMR in patients with severe
AS. Therefore, the purpose of this study was to compare the morphological and functional
characteristics of aortic valve and the LV systolic functional parameters and myocardial mass
using multiple imaging modalities related to the severity of MF in patients with severe AS.

Materials and Methods
Study population

The retrospective study was approved by the Ethics Committee and Institutional Review
Board of Konkuk University Medical Center (KUH1140045). Informed consent was
exempted. A computerized search of medical and radiological records from January 2009 and
December 2012 identified 116 patients with severe AS, diagnosed on TTE, who underwent
CCT and CMR within 4 weeks, and without interval change in clinical status or cardiovascular
event and subsequent aortic valve surgery. Severe AS on TTE was defined as peak aortic valve
velocity >4 m/s, mean pressure gradient >40 mmHg, or aortic valve area (AVA) <1 cm?, or
any combination [3]. Thirty-five patients were excluded: 13 patients did not undergo DCE-
CMR, 12 patients had chronic myocardial infarction detected by DCE-CMR and previous his-
tory of myocardial infarction, and 10 patients had a concurrent moderate or severe degree of
other VHD including aortic valve regurgitation (AR), mitral regurgitation, or mitral stenosis.
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We also included patients who had mild AR in this study. Finally, 81 patients with severe AS
(with no or mild AR) were enrolled, and their baseline clinical characteristics and detailed
information on surgery were determined from the medical and radiological records.

CCT scan protocol

All CCT examinations were performed using a dual-source CT scanner (Somatom Definition,
Siemens Medical Solutions, Forchheim, Germany). Data acquisition was performed in the cra-
niocaudal direction with a detector collimation of 2 x 32 x 0.6mm, a slice acquisition of 2 x 64
x 0.6mm, a gantry rotation time of 330ms, a pitch of 0.20-0.43 adapted to HR, a tube voltage
of 120kV for calcium score and 100 or 120kV for coronary CT angiography (CCTA), and a
tube current-time product of 80mAs per rotation for calcium scoring and 330mAs per rotation
for CCTA. A non-enhanced electrocardiography (ECG)-gated CT scan, prospectively trig-
gered at 75% of the R-R interval, was performed to measure the coronary artery and aortic
valve calcium scores. For the CCTA, ECG-based tube current modulation was implemented,
except for patients with mean HRs >80 beats per minute or those with arrhythmia.

Contrast agent application was controlled by a bolus tracking technique. A Stellant D dual-
head power injector (Medrad, Indianola, PA, USA) was used for all CT examinations to
administer a three-phase bolus at a rate of 4.5mL/s. First, 70-80mL of undiluted contrast
media (Iopromide, Ultravist 370mg I/mL, Bayer-Schering Pharma, Berlin, Germany) was
administered and then 45mL of a mixture of 70% contrast and 30% saline was administered
with a saline chaser for CCTA.

CCT image analysis

Analysis of CCT and CMR images was based on the consensus of two radiologists who were
blind to patient clinical data, including all clinical findings, history, and TTE results. The CCT
image quality was classified using a 4-point subjective ranking scale as follows: (1) bad; (2)
poor, but diagnostic; (3) good; and (4) excellent.

Ten transaxial data sets were reconstructed with retrospective ECG gating at 10% steps,
from 0-90% of the R-R interval for each patient to assess aortic valve morphology and func-
tion. CCTA data sets were then transferred to an external workstation (Vitrea 2, Vital Images,
Plymouth, MN, USA) and reviewed by applying multiplanar reformations and a four-dimen-
sional cine technique. Post-processing included both static and cine images of the aortic valve
in double-oblique short-axis planes. For the morphological aspects of the aortic valve, several
cross-sectional transverse images of the aortic valve during early-systole and mid-diastole were
reconstructed.

Aortic valve calcium volume score and coronary artery calcium score were evaluated using
CaScore software (Siemens Medical Solutions). The aortic valve calcification grade was catego-
rized as absent, mild, moderate, or severe as described by Rosenhek et al. [12]. The presence of
coronary artery disease was defined as at least one significant coronary stenosis (>50% lumen
diameter reduction) using dedicated vessel analysis software (Vitrea 2, Vital Images, Plymouth,
MN, USA).

CMR examination

CMR exams were performed on a Signa HDxt 1.5-T system (GE Healthcare, Waukesha, W1,
USA) or a Magnetom Skyra 3.0-T system (Siemens) within 7 days after the CCT examination.
Aortic valve and short-axis cine images were acquired with gradient echo fast imaging employ-
ing steady-state free precession sequence on a 1.5-T scanner (repetition time 3.54ms; echo
time 1.54ms; flip angle 45°; slice thickness 5mm without interslice gaps; field of view

PLOS ONE | DOI:10.1371/journal.pone.0170939 January 27, 2017 3/12



o ®
@ : PLOS | SINE Differences in AV and LV Parameters Related to the Myocardial Fibrosis in Severe AV Stenosis

36 x 36cm; matrix 224 x 224; and pixel size 0.16 x 0.16cm) and a 3.0-T scanner (repetition
time 39.24ms; echo time 1.43ms; flip angle 54°; slice thickness 6mm without interslice gaps;
field of view 34 x 28cm; matrix 208 x 139; and pixel size 0.16 x 0.16cm). The imaging plane of
the aortic valve was defined by the acquisition of a systolic three-chamber view and an oblique
coronal view of the aortic valve and proximal aorta. The subsequent slices were defined parallel
to the valvular plane.

Ten minutes after injecting 0.2 mmol/kg gadopentetate dimeglumine (Magnevist, Bayer,
Berlin, Germany) or gadoterate meglumine (Dotarem, Guerbet, France), delayed enhance-
ment images were acquired in two long axes and 10-11 short axes using a 1.5-T system with a
phase sensitive myocardial delayed enhancement sequence (repetition time 5.7ms; echo time
2.6ms; flip angle 25°; inversion time individually adjusted; slice thickness 8mm; field of view
36 x 36cm; matrix 200 x 200) or using a 3.0-T system with phase sensitive inversion recovery
sequence (repetition time 5.18ms; echo time 1.96ms; flip angle 20°; slice thickness 8mm; field
of view 350 x 262mm; matrix 256 x 192).

CMR image analysis

Cine images of CMR were used for the assessment of LV end-diastolic volume (LVEDV), LV
ejection fraction (LVEF), LV mass, and AVA using a cardiac dedicated workstation (ArgusVF,
Siemens Medical Solutions). LVEDV index and LV mass index of each patient were calculated
by LVEDV and LV mass divided by body surface area (m?) respectively. AVA was measured at
cross-sectional planimetric images during systole by drawing the region of interest. The pres-
ence of focal MF on DCE-CMR was defined as linear, nodular, patchy or diffuse patterns of
delayed contrast enhancement (Fig 1) [9].

Degree of MF was determined on DCE-CMR with visual sub-segmental analysis (VSSA)-
based quantification [13]. This approach estimates the percent of transmural extent of the
myocardial-delayed hyperenhancement for each of the 17 segments according to the AHA rec-
ommendations [14]. A score ranging from 0 to 4 was attributed to all of the segments accord-
ing to the depth of MF: score 0 = 0%, 1 = 1-25%, 2 = 26-50%, 3 = 51-75% and 4 = 76-100%
(Fig 2). All 17 scores were summed and multiplied by 1.47% for calculating total percent LV
MF volume [13].

TTE examination

We reviewed the electronic medical records of each patient’s echocardiography reports to col-
lect findings including LVEF (%), aortic valve mean pressure gradient (mmHg), AVA (cm?),
peak aortic valve velocity (m/s), and the presence of AR. Mild AR on TTE was defined as a

Fig 1. Images of variable patterns of delayed contrast enhancement on myocardium. a No delayed contrast enhancement on myocardium is
defined as the absence of myocardial fibrosis. The patterns of myocardial fibrosis are diffuse (arrow, b), patchy (arrow, ¢), nodular (arrow, d), or linear
(arrow, e).

doi:10.1371/journal.pone.0170939.9001
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Fig 2. Example of sub-segmental scoring model used for visual coding of focal myocardial fibrosis
location. a Cardiac magnetic resonance demonstrated extensive delayed contrast enhancement in mid-
ventricular short axis image. b Mid-ventricular segments are divided into four transmural zones and coded
according to transmural extent of delayed contrast enhancement.

doi:10.1371/journal.pone.0170939.g002

proximal regurgitation jet width of <25% of the LV outflow tract, vena contracta length of
<0.3 cm, and a pressure half-time of >500ms [3]. Aortic valve morphology and the presence
and severity of AS were recorded by cardiologists. Two-dimensional TTE was performed with
a Vivid 7 device (GE Healthcare) and an Acuson Sequoia C512 apparatus (Siemens) with 2.5-
3.5 MHz imaging transducers.

Statistical analysis

In descriptive statistical analysis, continuous variables were expressed as mean + standard
deviation. Categorical variables were described as percentage or frequency. Descriptive statis-
tics for each variable are reported in tables. A one-way ANOVA was used to compare continu-
ous variables of the three groups. The Chi-square test or Fisher’s exact test was also used to
compare categorical variables of the three groups. Univariate multinomial logistic regression
analysis was performed to determine the association between the severity of MF and variables
on imaging modalities. Statistical analyses were performed using SPSS 17.0 (SPSS Inc., Chi-
cago, IL, USA). Statistical significance was considered when the p value was less than 0.05.

Results
Patient characteristics

Clinical characteristics of patient are summarized in Table 1. The study population consisted
of 48 men and 33 women (mean age 59.1 + 12.4 years). Dyspnea was the major limitation.
Forty-eight (59%) patients had mild AR. Among the 33 (41%) patients with isolated severe AS,
one had mild mitral regurgitation. All patients underwent open-heart surgery with aortic val-
vuloplasty [15]. Twenty-eight (35%) patients had a tricuspid aortic valve and 53 (65%) patients
had a bicuspid aortic valve according to intraoperative findings. Clinical characteristics were
not significantly different among the three groups. Thirty-four (42%) patients showed LV
delayed hyperenhancement suggestive of MF on DCE-CMR (Fig 3). Using VSSA-based
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Table 1. Clinical characteristics of patients with severe aortic valve stenosis (n = 81) according to the severity of myocardial fibrosis.

Characteristics No MF (n=47) Mild MF (n=18) Severe MF (n = 16) p value
Age (yrs) 60.2+12.4 57.8+12.7 57.5+12.5 0.650
Male 24 (51%) 12 (67%) 12 (75%) 0.187
BAV 28 (60%) 15 (83%) 10 (63%) 0.190
BMI (kg/m?) 27.3+75 26.4+5.6 28.2+8.2 0.907
Chest pain 18 (38%) 7 (39%) 1(7%) 0.060
Dyspnea 23 (49%) 8 (44%) 11 (69%) 0.303
Syncope 2 (4%) 0 (0%) 2 (13%) 0.275
Clinical history

Diabetes mellitus 8 (17%) 3(17%) 4 (25%) 0.734
Hyperlipidemia 8 (17%) 4 (22%) 6 (38%) 0.261
Hypertension 21 (45%) 7 (39%) 5(31%) 0.630
Smoking 9 (19%) 5 (28%) 7 (44%) 0.158
CAD 10 (21%) 7 (39%) 4 (25%) 0.325

Values are number or mean + standard deviation. MF myocardial fibrosis, BAV bicuspid aortic valve, BMI body mass index, CAD coronary artery disease

doi:10.1371/journal.pone.0170939.t1001
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AY maxPG 116.44 mmHy
AY meanPG 71.74 mmHg
AY Env.Ti 321.63 ms
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AV Trace
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Fig 3. Multi-modalities images of a 45-year old man with severe aortic stenosis (AS), mild aortic regurgitation, and myocardial fibrosis (MF). a
and b Cardiac computed tomography images demonstrate calcified AS (aortic valve calcification grade 4, aortic valve calcium score 7650, and aortic valve
area 0.83cm?) and bicuspid aortic valve without raphe. ¢ Transthoracic echocardiography image demonstrate severe AS (aortic valve area 0.61cm?),
peak aortic velocity 5.4m/sec, and mean pressure gradient 71.7mmHg. d and e Cardiac magnetic resonance images demonstrated severe AS (aortic
valve area 0.71cm?, arrow in d), left ventricular (LV) hypertrophy, LV end-diastolic volume index 84ml/m2, LV end-diastolic mass 268g, LV ejection fraction
of 56%, presence of MF appearing delayed hyperenhancement in the subendocardial region of the lateral wall (arrows, e) and in the transmural region of
the anterior and inferior wall of the mid-ventricular myocardium (arrowheads, e).

doi:10.1371/journal.pone.0170939.g003
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quantification, the mean and median total MF volume of the 34 patients were 29.5 £ 20%
(range 2.9-80.9%) and 27.9% of the LV mass, respectively. Using 30% of MF volume as a cut-
off value for MF severity, 18 patients were assigned to the group with mild MF and 16 patients
to the group with severe MF. Patients with severe MF exhibited higher MF volume than those
with mild MF (46.7 + 14.6% vs. 14.3 + 8.9%, p<0.001).

CCT findings

All CCT examinations were of diagnostic image quality for assessing coronary arteries and
valves. The quality of most CCT images was excellent (n = 76, 94%), and others had good
or fair image quality (n = 4 and 1, respectively). The mean patient radiation dose was
10.2 £ 0.7mSv on dual-source CT (including calcium scoring and CCTA and with the use of a
conversion coefficient for the chest of k = 0.017mSv- mGy "-cm™"). The average HR during
CCT was 66.6 + 2.4bpm.

CCTA identified 21 patients with significant coronary stenosis (no MF, n = 10; mild MF,
n = 7; and severe MF, n = 4) without a statistically significant difference among the three
groups (p = 0.325). Patients with severe MF had significantly higher aortic valve calcium vol-
ume scores (3544 + 2336mm?, p =0.002) than those with mild MF (2404 + 1412mm®) and no
MF (1660 + 1091mm?). In addition, the grade of aortic valve calcification was significantly
higher (p = 0.008) in the group with severe MF than in the group with mild MF and the group
with no MF.

CMR findings

AVA obtained with CMR planimetry (0.78 + 0.14cm?) was not significantly different (p = 0.84)
from that computed with TTE measurements (0.78 + 0.15cm?). There was good correlation
between AVAs measured with CMR and TTE (r = 0.64, p<0.0001). Patients with severe

MF had significantly smaller AVA (0.70 + 0.15 cm?, p = 0.011) than those with mild MF

(0.75 + 0.15cm?) or with no MF (0.83 + 0.13cm?). LV mass index (105.3 + 35.1g/m2), and
LVEDYV index (94.9 + 17.2ml/m?) were significantly higher in patients with severe MF than
those with mild MF (76.6 + 29.3g/m* and 91.7 + 23.6ml/m?, respectively) or with no MF

(63.3 + 17.8g/m” and 79.3 + 19.0ml/m>, respectively). LVEF was not significantly different
among the three groups (Table 2).

TTE findings

In contrast to the CMR finding, continuity equation-derived AVA measured by TTE was not
different among the three groups (p = 0.062). However, patients with severe MF had signifi-
cantly higher transaortic mean pressure gradient (65.0 £ 23.4mmHg), transaortic peak
velocity (5.1 £ 0.8m/s), and higher prevalence of mild AR (88%) than those with mild MF
(56.6 £ 12.4mmHg, 4.9 + 0.63m/s, and 78%, respectively) or with no MF (50.5 + 16.9mmHg,
4.5+ 0.71m/s, and 43%, respectively).

Univariate multinomial logistic regression analysis

Univariate multinomial logistic regression analysis identified the following significant vari-
ables among the three groups (all of the p values were less than 0.05): aortic valve calcium vol-
ume scores on CCT, AVA, LV mass index, LVEDV index measured on CMR, transaortic
mean pressure gradient, transaortic peak velocity, and the presence of mild AR on TTE
(Table 3).
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Table 2. Differences of multimodality imaging findings according to the severity of MF.

Characteristics No MF (n =47) Mild MF (n=18) Severe MF (n = 16) p value
CCT
AV Ca score 1660 + 1092 2405+ 1412 3544 + 2336 0.002
AV Ca grade 0.008

Grade 1 1(2%) 1(6%) 0 (0%)

Grade 2 17 (36%) 3 (17%) 0 (0%)

Grade 3 19 (41%) 5 (28%) 7 (44%)

Grade 4 10 (21%) 9 (50%) 9 (56%)
CMR
LVEDV index (ml/m?) 79.3+19.0 91.7+23.6 949+17.2 0.007
LVEF (%) 68.6+11.8 66.1+10.9 61.2+16.8 0.253
LV mass index (g/m?) 63.3+17.8 76.6+29.3 105.3 £ 35.1 <0.001
AVA (cm?) 0.83+0.13 0.75+0.15 0.70%0.15 0.011
TTE
AVA (cm?) 0.81+0.14 0.76+0.16 0.72+0.19 0.062
Transaortic mean PG (mmHg) 50.5+16.9 56.6+12.4 65.0+23.4 0.020
Transaortic peak velocity (m/sec) 4.5+ 0.71 4.9+0.63 5.1£0.8 0.006
Mild AR 20 (43%) 14 (78%) 14 (88%) 0.001

Values are number or mean + standard deviation
AV aortic valve, EDV end-diastolic volume, EF ejection fraction, LV left ventricular, MF myocardial fibrosis, AVA aortic valve area, AR aortic regurgitation,
PG pressure gradient, TTE transthoracic echocardiography, CCT cardiac computed tomography, CMR cardiovascular magnetic resonance

doi:10.1371/journal.pone.0170939.t002

Table 3. Odds ratio for imaging variables for the severity of myocardial fibrosis on univariate multinomial logistic regression analysis.

Variables Odds ratio of Severe MF vs. No | Odds ratio of Mild MF vs. No | Odds ratio of Severe MF vs. Mild Overall p
MF MF MF value

CCT
AV Ca score 1.001*(1.000, 1.001) 1.000*(1.000, 1.001) 1.000(1.000, 1.001) 0.003
AV Ca grade 0.375

Grade 1 <0.001(<0.001, >999.99) 1.111(0.060, 20.487) <0.001(<0.001, >999.99)

Grade 2 <0.001(<0.001, >999.99) 0.196(0.043, 0.899) <0.001(<0.001, >999.99)

Grade 3 0.409(0.117, 1.428) 0.292(0.077,1.111) 1.400(0.321, 6.109)

Grade 4 N/A N/A N/A
CMR
LVEDYV index (ml/m?) 1.042%(1.010, 1.075) 1.036%(1.005, 1.068) 1.006(0.977, 1.036) 0.019
LVEF (%) 0.958(0.918, 1.001) 0.983(0.940, 1.027) 0.975(0.928, 1.024) 0.154
LV mass index (g/m?) 1.059%(1.030, 1.090) 1.028*(1.002, 1.055) 1.030(1.005, 1.057) <0.001
AVA (cm?) 0.002%(<0.001, 0.145) 0.013%(<0.001, 0.858) 0.117(<0.001, 16.422) 0.011
TTE
AVA (cm?) 0.018%(<0.001, 0.939) 0.130(0.003, 5.022) 0.135(0.001, 12.849) 0.119
Transaortic mean PG (mmHg) 1.041%*(1.008, 1.075) 1.022(0.990, 1.056) 1.018(0.984, 1.054) 0.046
Transaortic peak velocity (m/ 2.834%(1.255, 6.403) 2.250%(1.020, 4.964) 1.259(0.545,2.912) 0.027
sec)
Mild AR 9.45*%(1.926, 46.360) 4.725%*(1.350, 16.535) 2.00(0.314, 12.745) 0.003

Values are number (95% confidence interval)

* Statistically significantly different with p < 0.05

AV aortic valve, EDV end-diastolic volume, EF ejection fraction, LV left ventricular, MF myocardial fibrosis, AVA aortic valve area, AR aortic regurgitation,
PG pressure gradient, TTE transthoracic echocardiography, CCT cardiac computed tomography, CMR cardiovascular magnetic resonance

doi:10.1371/journal.pone.0170939.t003
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Discussion

In the present study, using multiple imaging modalities, we found significant correlation
between the severity of MF and characteristics of severe AS with each imaging modality. In
patients with severe AS, without other significant valve diseases and MI, the severity of MF
detected by DCE-CMR was significantly associated with aortic valve calcium score on CCT,
AVA, LV mass index and LVEDV index on CMR, and transaortic mean pressure gradient,
transaortic peak velocity and presence of mild AR on TTE.

The presence of MF is associated with a worse prognosis, such as worsening LV systolic
function and ventricular stiffness assessed by using TTE and CMR in several heart diseases
including severe AS and severe AR [8,10,16—-19]. Therefore, early detection of MF is an inde-
pendent predictor of survival in patients with moderate to severe AS and is of incremental
value in the prognostic model to LVEF [9]. The quantitative amount of focal MF measured by
DCE-CMR correlated well with the values of interstitial MF obtained by histology [20]. In the
present study, we used a VSSA-based quantification method for severity of MF on DCE-CMR,
which was validated in previous studies [13].

CCT allows for accurate detection, localization and quantification of aortic valve calcification
[20]. However, data are limited comparing the severity of aortic valve calcification on CCT with
the severity of MF on DCE-CMR in patients with severe AS. We found that calcium volume
score and calcification grade of the aortic valve were significantly different among the three
groups but only calcium volume score was associated with the severity of MF. Aortic valve calci-
fication is considered along with imaging markers to predict progression of AS [21]. High calcifi-
cation of the aortic valve is associated with worse morbidity and mortality in patients with AS,
even with low-gradient, low-flow severe AS [9,22]. A multicenter outcome study has shown that
severe aortic valve calcification provides significant additive value to the prediction of mortality
under medical treatment and also independently predicts overall mortality in patients with AS
[23]. Along with these prognostic values, based on our results, the quantitative assessment of aor-
tic valve calcification on CCT may be a surrogate parameter of MF in patients with severe AS.

Severe AS is often associated with some degree of AR [24]. Honda et al. reported patients
with severe AS and significant (moderate to severe degree) AR had significantly worse out-
comes than patients with severe AS with no or trivial AR [25]. Significant AR leads to the
degeneration of cardiomyocytes and myocardial function and exacerbates the myocardial
ischemia in patients with severe AS [26-29]. In the present study, concomitant mild AR on
TTE was associated with the severity of MF. However, our study does not provide conclusive
evidence to support the causal relationship between mild AR and MF because there is no sci-
entific evidence available that mild AR influences the development of MF in patients with
severe AS and the percentage of patients having mild AR is too large (59%).

Continuity equation-derived AVA by 2D-TTE is usually smaller than AVA measured with
3D-TTE, CCT, and CMR by planimetry [30,31]. The orifice of the vena contracta is smaller
than the actual anatomical maximum opening of the stenotic aortic valve [30]. In addition, the
2D-TTE underestimates the left ventricular outflow tract by using a single-diameter measure-
ment assuming circular geometry when compared with CMR [32]. In our study, there was
good correlation and no statistically significant difference between CMR and TTE measure-
ments of AVA. However, only AVA measured on CMR was significantly different among the
three groups and was associated with the severity of MF. CMR-derived AVA may not be as
accurate as continuity equation-derived AVA by TTE in the detection of severe AS but can be
used as a predictor of MF in patients with severe AS.

In the present study, positive graded association with the severity of MF was found for
LVEDYV index, LV mass (CMR), transaortic peak velocity, and mean aortic gradients (TTE).
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These parameters were significantly associated with the severity of MF. However, LVEEF, as the
reference standard for global LV systolic function, was similar among the three groups and
was not significantly associated with the severity of MF. Our study findings are consistent with
a previous study in which LVEF was preserved, but LVED diameter was increased in severe
AS patients with severe MF [8].

Based on the results of this study, the incremental values of the multi-imaging approach
over DCE-CMR alone, for assessment of MF in patients with severe AS, are as follows: 1. Coex-
isting mild AR and echocardiographic parameters of higher aortic jet velocity and mean gradi-
ent are associated with severity of MF. 2. Smaller AVA, higher LVEDYV index, and higher LV
mass are related to the severity of MF on CMR and may need to be incorporated into clinical
management strategies. 3. Severity of aortic valve calcification as measured by CCT may be
used for predicting the presence and severity of MF. A multi-modality imaging approach may
help to ensure the appropriate timing of aortic valve replacement or transaortic transcatheter
valvular implantation in patients with severe AS, particularly in asymptomatic moderate to
severe AS or low-gradient severe AS.

The present study had several limitations. First, this study was subject to the limitations
inherent in a single institution study. Second, retrospective analysis of observational data
could not demonstrate how the multi-imaging approach was useful for the management of
severe AS. Third, the number of cases with MF was small. Fourth, there were no referable crite-
ria of DCE-CMR to divide patients who had severe AS and MF into mild and severe grade
groups. For MF severity on DCE-CMR, we modified the cut-off value of 30% MF volume
which was a moderate degree on a endomyocardial biopsy [10]. Fifth, an endomyocardial
biopsy was not performed to confirm the presence or absence of MF during aortic valve sur-
gery. Sixth, we could not evaluate the presence of diffuse MF using T1 mapping including
extracellular volume evaluation because of absence of T1 mapping sequences [26]. Seventh,
CMR exams were performed with two kinds of MR scanners (1.5-T and 3.0-T systems) and
contrast agents (Magnevist and Dotarem). A 3.0-T MR scanner is likely to allow for better
image quality and improve confidence of diagnosis. However, another previous study demon-
strated no benefits for diagnosing MF with a 3.0-T compared to a 1.5-T MR scanner [33].
Finally, all CCT and CMR images were analyzed by a consensus of two radiologists. Accord-
ingly, we did not assess intra-and inter-observer variability of CCT and CMR measurements.

In conclusion, patients with severe AS and MF are significantly associated with more severe
calcific AS, higher LV end-diastolic volume, higher LV mass, and higher prevalence of mild
AR These parameters might be useful for identifying MF in patients with severe AS. However,
a prospective clinical trial is warranted to confirm these findings and to determine the clinical
benefits of a multi-imaging modality approach in patients with severe AS.

Supporting Information

S1 File. Dataset for all individuals.
(XLS)

Acknowledgments
This paper was supported by Konkuk University.

Author Contributions
Conceptualization: IS SMK.
Formal analysis: IS SMK.

PLOS ONE | DOI:10.1371/journal.pone.0170939 January 27, 2017 10/12


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0170939.s001

@° PLOS | ONE

Differences in AV and LV Parameters Related to the Myocardial Fibrosis in Severe AV Stenosis

Investigation: IS SMK JGY HKC JSK.

Methodology: IS SMK.

Supervision: SMK.

Validation: IS SMK JGY HKC JSK.

Writing - original draft: IS SMK.

Writing - review & editing: SMK.

References

1.

10.

11.

12

13.

14.

Nkomo VT, Gardin JM, Skelton TN, Gottdiener JS, Scott CG, Enriquez-Sarano M. Burden of valvular
heart diseases: a population-based study. The Lancet. 2006; 368: 1005—-1011.

lung B, Vahanian A. Epidemiology of valvular heart disease in the adult. Nature Reviews Cardiology.
2011; 8: 162—-172. doi: 10.1038/nrcardio.2010.202 PMID: 21263455

Nishimura RA, Otto CM, Bonow RO, Carabello BA, Erwin JP, Guyton RA, et al. 2014 AHA/ACC guide-
line for the management of patients with valvular heart disease: executive summary: a report of the
American College of Cardiology/American Heart Association Task Force on Practice Guidelines. Jour-
nal of the American College of Cardiology. 2014; 63: 2438—-2488. doi: 10.1016/j.jacc.2014.02.537
PMID: 24603192

Maganti K, Rigolin VH, Sarano ME, Bonow RO, editors. Valvular heart disease: diagnosis and manage-
ment. Mayo Clinic Proceedings; 2010: Elsevier.

Zhao'Y, Owen A, Henein M. Early valve replacement for aortic stenosis irrespective of symptoms
results in better clinical survival: A meta-analysis of the current evidence. International journal of cardiol-
ogy. 2013; 168: 3560-3563. doi: 10.1016/j.ijcard.2013.05.089 PMID: 23768864

Carabello BA, Shah PK. Aortic valve replacement should be operated on before symptom onset. Circu-
lation. 2012; 126: 112—117. doi: 10.1161/CIRCULATIONAHA.111.079350 PMID: 22753532

Nigri M, Azevedo CF, Rochitte CE, Schraibman V, Tarasoutchi F, Pommerantzeff PM, et al. Contrast-
enhanced magnetic resonance imaging identifies focal regions of intramyocardial fibrosis in patients
with severe aortic valve disease: Correlation with quantitative histopathology. Am Heart J. 2009; 157:
361-368. doi: 10.1016/j.ah}.2008.09.012 PMID: 19185646

Weidemann F, Herrmann S, Stork S, Niemann M, Frantz S, Lange V, et al. Impact of myocardial fibrosis
in patients with symptomatic severe aortic stenosis. Circulation. 2009; 120: 577-584. doi: 10.1161/
CIRCULATIONAHA.108.847772 PMID: 19652094

Dweck MR, Joshi S, Murigu T, Alpendurada F, Jabbour A, Melina G, et al. Midwall fibrosis is an inde-
pendent predictor of mortality in patients with aortic stenosis. J Am Coll Cardiol. 2011; 58: 1271-1279.
doi: 10.1016/j.jacc.2011.03.064 PMID: 21903062

Milano AD, Faggian G, Dodonov M, Golia G, Tomezzoli A, Bortolotti U, et al. Prognostic value of myo-
cardial fibrosis in patients with severe aortic valve stenosis. The Journal of thoracic and cardiovascular
surgery. 2012; 144: 830-837. doi: 10.1016/j.jtcvs.2011.11.024 PMID: 22244555

Debl K, Djavidani B, Buchner S, Lipke C, Nitz W, Feuerbach S, et al. Delayed hyperenhancement in
magnetic resonance imaging of left ventricular hypertrophy caused by aortic stenosis and hypertrophic
cardiomyopathy: visualisation of focal fibrosis. Heart. 2006; 92: 1447—-1451. doi: 10.1136/hrt.2005.
079392 PMID: 16606864

Rosenhek R, Binder T, Porenta G, Lang |, Christ G, Schemper M, et al. Predictors of outcome in severe,
asymptomatic aortic stenosis. New England Journal of Medicine. 2000; 343: 611-617. doi: 10.1056/
NEJM200008313430903 PMID: 10965007

Fine NM, Tandon S, Kim HW, Shah DJ, Thompson T, Drangova M, et al. Validation of sub-segmental
visual scoring for the quantification of ischemic and nonischemic myocardial fibrosis using late gadolin-
ium enhancement MRI. Journal of Magnetic Resonance Imaging. 2013; 38: 1369—-1376. doi: 10.1002/
jmri.24116 PMID: 23559419

Cerqueira MD, Weissman NJ, Dilsizian V, Jacobs AK, Kaul S, Laskey WK, et al. Standardized myocar-
dial segmentation and nomenclature for tomographic imaging of the heart a statement for healthcare
professionals from the cardiac imaging committee of the Council on Clinical Cardiology of the American
Heart Association. Circulation. 2002; 105: 539-542. PMID: 11815441

PLOS ONE | DOI:10.1371/journal.pone.0170939 January 27, 2017 11/12


http://dx.doi.org/10.1038/nrcardio.2010.202
http://www.ncbi.nlm.nih.gov/pubmed/21263455
http://dx.doi.org/10.1016/j.jacc.2014.02.537
http://www.ncbi.nlm.nih.gov/pubmed/24603192
http://dx.doi.org/10.1016/j.ijcard.2013.05.089
http://www.ncbi.nlm.nih.gov/pubmed/23768864
http://dx.doi.org/10.1161/CIRCULATIONAHA.111.079350
http://www.ncbi.nlm.nih.gov/pubmed/22753532
http://dx.doi.org/10.1016/j.ahj.2008.09.012
http://www.ncbi.nlm.nih.gov/pubmed/19185646
http://dx.doi.org/10.1161/CIRCULATIONAHA.108.847772
http://dx.doi.org/10.1161/CIRCULATIONAHA.108.847772
http://www.ncbi.nlm.nih.gov/pubmed/19652094
http://dx.doi.org/10.1016/j.jacc.2011.03.064
http://www.ncbi.nlm.nih.gov/pubmed/21903062
http://dx.doi.org/10.1016/j.jtcvs.2011.11.024
http://www.ncbi.nlm.nih.gov/pubmed/22244555
http://dx.doi.org/10.1136/hrt.2005.079392
http://dx.doi.org/10.1136/hrt.2005.079392
http://www.ncbi.nlm.nih.gov/pubmed/16606864
http://dx.doi.org/10.1056/NEJM200008313430903
http://dx.doi.org/10.1056/NEJM200008313430903
http://www.ncbi.nlm.nih.gov/pubmed/10965007
http://dx.doi.org/10.1002/jmri.24116
http://dx.doi.org/10.1002/jmri.24116
http://www.ncbi.nlm.nih.gov/pubmed/23559419
http://www.ncbi.nlm.nih.gov/pubmed/11815441

@° PLOS | ONE

Differences in AV and LV Parameters Related to the Myocardial Fibrosis in Severe AV Stenosis

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Song MG, Yang HS, Choi JB, Kim YI, Shin JK, Chee HK, et al. Aortic valve reconstruction with leaflet
replacement and sinotubular junction fixation: early and midterm results. Ann Thorac Surg. 2014; 97:
1235-1241. doi: 10.1016/j.athoracsur.2013.10.088 PMID: 24433819

Assomull RG, Prasad SK, Lyne J, Smith G, Burman ED, Khan M, et al. Cardiovascular magnetic reso-
nance, fibrosis, and prognosis in dilated cardiomyopathy. Journal of the American College of Cardiol-
ogy. 2006; 48: 1977—1985. doi: 10.1016/j.jacc.2006.07.049 PMID: 17112987

Mewton N, Liu CY, Croisille P, Bluemke D, Lima JA. Assessment of myocardial fibrosis with cardiovas-
cular magnetic resonance. Journal of the American College of Cardiology. 2011; 57: 891-903. doi: 10.
1016/j.jacc.2010.11.013 PMID: 21329834

Kim EK, Chattranukulchai P, Klem |. Cardiac Magnetic Resonance Scar Imaging for Sudden Cardiac
Death Risk Stratification in Patients with Non-Ischemic Cardiomyopathy. Korean J Radiol. 2015; 16:
683—-695. doi: 10.3348/kjr.2015.16.4.683 PMID: 26175568

Park J, Chang HJ, Choi JH, Yang PS, Lee SE, Heo R, et al. Late gadolinium enhancement in cardiac
MRI in patients with severe aortic stenosis and preserved left ventricular systolic function is related to
attenuated improvement of left ventricular geometry and filling pressure after aortic valve replacement.
Korean Circ J. 2014; 44: 312-319. doi: 10.4070/kcj.2014.44.5.312 PMID: 25278984

Azevedo CF, Nigri M, Higuchi ML, Pomerantzeff PM, Spina GS, Sampaio RO, et al. Prognostic signifi-
cance of myocardial fibrosis quantification by histopathology and magnetic resonance imaging in
patients with severe aortic valve disease. Journal of the American College of Cardiology. 2010; 56:
278-287. doi: 10.1016/j.jacc.2009.12.074 PMID: 20633819

Koos R, Mahnken AH, Sinha AM, Wildberger JE, Hoffmann R, Kihl HP. Aortic valve calcification as a
marker for aortic stenosis severity: assessment on 16-MDCT. American Journal of Roentgenology.
2004; 183: 1813—-1818. doi: 10.2214/ajr.183.6.01831813 PMID: 15547235

Clavel MA, Messika-Zeitoun D, Pibarot P, Aggarwal SR, Malouf J, Araoz PA, et al. The complex nature
of discordant severe calcified aortic valve disease grading: new insights from combined Doppler echo-
cardiographic and computed tomographic study. J Am Coll Cardiol. 2013; 62: 2329-2338. doi: 10.1016/
j.jacc.2013.08.1621 PMID: 24076528

Clavel MA, Pibarot P, Messika-Zeitoun D, Capoulade R, Malouf J, Aggarval S, et al. Impact of aortic
valve calcification, as measured by MDCT, on survival in patients with aortic stenosis: results of an inter-
national registry study. J Am Coll Cardiol. 2014; 64: 1202—1213. doi: 10.1016/j.jacc.2014.05.066 PMID:
25236511

Otto CM, Burwash IG, Legget ME, Munt BI, Fujioka M, Healy NL, et al. Prospective study of asymptom-
atic valvular aortic stenosis. Clinical, echocardiographic, and exercise predictors of outcome. Circula-
tion. 1997; 95: 2262—-2270. PMID: 9142003

Honda S, Kitai T, Okada Y, Tani T, Kim K, Kaji S, et al. Impact of concomitant aortic regurgitation on the
prognosis of severe aortic stenosis. Heart. 2012: heartjnl-2012-302089.

Krayenbuehl H, Turina M, Hess O, Rothlin M, Senning A. Pre-and postoperative left ventricular contrac-
tile function in patients with aortic valve disease. British heart journal. 1979; 41: 204-213. PMID: 154914

Nitenberg A, Foult J-M, Antony |, Blanchet F, Rahali M. Coronary flow and resistance reserve in patients
with chronic aortic regurgitation, angina pectoris and normal coronary arteries. Journal of the American
College of Cardiology. 1988; 11: 478—-486. PMID: 3278034

Borer JS, Truter S, Herrold EM, Falcone DJ, Pena M, Carter JN, et al. Myocardial Fibrosis in Chronic
Aortic Regurgitation Molecular and Cellular Responses to Volume Overload. Circulation. 2002; 105:
1837-1842. PMID: 11956128

Zilberszac R, Gabriel H, Schemper M, Zahler D, Czerny M, Maurer G, et al. Outcome of combined ste-
notic and regurgitant aortic valve disease. J Am Coll Cardiol. 2013; 61: 1489-1495. doi: 10.1016/j.jacc.
2012.11.070 PMID: 23500223

Pouleur AC, le Polain de Waroux JB, Pasquet A, Vanoverschelde JL, Gerber BL. Aortic valve area
assessment: multidetector CT compared with cine MR imaging and transthoracic and transesophageal
echocardiography. Radiology. 2007; 244: 745-754. doi: 10.1148/radiol.2443061127 PMID: 17630357

Saitoh T, Shiota M, Izumo M, Gurudevan SV, Tolstrup K, Siegel RJ, et al. Comparison of left ventricular
outflow geometry and aortic valve area in patients with aortic stenosis by 2-dimensional versus 3-dimen-
sional echocardiography. Am J Cardiol. 2012; 109: 1626—1631. doi: 10.1016/j.amjcard.2012.01.391
PMID: 22440128

Garcia J, Kadem L, Larose E, Clavel MA, Pibarot P. Comparison between cardiovascular magnetic res-
onance and transthoracic Doppler echocardiography for the estimation of effective orifice area in aortic
stenosis. J Cardiovasc Magn Reson. 2011; 13: 25. doi: 10.1186/1532-429X-13-25 PMID: 21527021

Klumpp BD, Sandstede J, Lodemann KP, Seeger A, Hoevelborn T, Fenchel M, et al. Intraindividual
comparison of myocardial delayed enhancement MR imaging using gadobenate dimeglumine at 1.5 T
and 3 T. European radiology. 2009; 19: 1124-1131. doi: 10.1007/s00330-008-1248-7 PMID: 19093122

PLOS ONE | DOI:10.1371/journal.pone.0170939 January 27, 2017 12/12


http://dx.doi.org/10.1016/j.athoracsur.2013.10.088
http://www.ncbi.nlm.nih.gov/pubmed/24433819
http://dx.doi.org/10.1016/j.jacc.2006.07.049
http://www.ncbi.nlm.nih.gov/pubmed/17112987
http://dx.doi.org/10.1016/j.jacc.2010.11.013
http://dx.doi.org/10.1016/j.jacc.2010.11.013
http://www.ncbi.nlm.nih.gov/pubmed/21329834
http://dx.doi.org/10.3348/kjr.2015.16.4.683
http://www.ncbi.nlm.nih.gov/pubmed/26175568
http://dx.doi.org/10.4070/kcj.2014.44.5.312
http://www.ncbi.nlm.nih.gov/pubmed/25278984
http://dx.doi.org/10.1016/j.jacc.2009.12.074
http://www.ncbi.nlm.nih.gov/pubmed/20633819
http://dx.doi.org/10.2214/ajr.183.6.01831813
http://www.ncbi.nlm.nih.gov/pubmed/15547235
http://dx.doi.org/10.1016/j.jacc.2013.08.1621
http://dx.doi.org/10.1016/j.jacc.2013.08.1621
http://www.ncbi.nlm.nih.gov/pubmed/24076528
http://dx.doi.org/10.1016/j.jacc.2014.05.066
http://www.ncbi.nlm.nih.gov/pubmed/25236511
http://www.ncbi.nlm.nih.gov/pubmed/9142003
http://www.ncbi.nlm.nih.gov/pubmed/154914
http://www.ncbi.nlm.nih.gov/pubmed/3278034
http://www.ncbi.nlm.nih.gov/pubmed/11956128
http://dx.doi.org/10.1016/j.jacc.2012.11.070
http://dx.doi.org/10.1016/j.jacc.2012.11.070
http://www.ncbi.nlm.nih.gov/pubmed/23500223
http://dx.doi.org/10.1148/radiol.2443061127
http://www.ncbi.nlm.nih.gov/pubmed/17630357
http://dx.doi.org/10.1016/j.amjcard.2012.01.391
http://www.ncbi.nlm.nih.gov/pubmed/22440128
http://dx.doi.org/10.1186/1532-429X-13-25
http://www.ncbi.nlm.nih.gov/pubmed/21527021
http://dx.doi.org/10.1007/s00330-008-1248-7
http://www.ncbi.nlm.nih.gov/pubmed/19093122

