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ABSTRACT

Background: Transthoracic echocardiography (TTE) is the first imaging modality used to assess aortic
regurgitation (AR). However, it is not possible to provide precise quantification in all patients.

Aim: Our aim was to compare TTE and cardiovascular magnetic resonance (CMR) measurements in
grading AR and left ventricle (LV) remodeling.
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Methods: A total of 51 consecutive patients with ARin TTE (New York Heart Association /11, 55%/38%)
were enrolled into the study and 49 individuals (age, 57.1 [14]; 61% males) underwent a non-contrast
CMR (2 patients excluded) obtained on 1.5 T system (GE Optima MR450w).

Results: The comprehensive quantitative grading with AR volume (AR vol) and regurgitant fraction (RF)
were measurable in TTE in 24 cases and showed an association with CMR parameters (AR vol: r = 0.75;
P <0.001 and RF: r = 0.55; P <0.01). CMR revealed larger LV end-diastolic volumes (EDV) (185.5 [61] vs
158.4 [61] ml; P=0.03) and a trend towards higher left ventricular ejection fraction (59% [8] vs 56% [8];
P =0.08). The association of AR vol and LV EDV was stronger in CMR (r = 0.85; P <0.0001) compared to
TTE (r=0.6; P=0.001). The inter-modality agreement (TTE-CMR) in AR grading was low (k = 0.15), with
highly concordant grading in mild AR (91%).

Conclusions: CMR provides a comprehensive assessment of AR severity and LV remodeling with a weak
or a moderate agreement with TTE.

INTRODUCTION
Transthoracic echocardiography (TTE) is the main imag-
ing modality used to assess patients with chronic aortic
regurgitation (AR). It is used for screening, grading, and
monitoring patients with AR and mild symptoms. Current
guidelines recommend aortic valve (AV) replacement or
repair in patients with overt symptoms and/or severe
left ventricle enlargement or systolic dysfunction [1].
The AR is usually well tolerated by most patients over
several years and it is crucial to detect the optimal time
to surgery and when the clinical prognosis is reduced.
However, due to the limitations of ultrasound and the
complex nature of AV disease, it is not possible to pro-
vide precise quantification of AR and dimensions of the
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left ventricle (LV) in all patients. Therefore, our aim was
to compare TTE and cardiovascular magnetic resonance
(CMR) measurements in grading AR and LV remodeling
in patients with chronic AR.

METHODS

Study population

All the consecutive patients scheduled for routine TTE in the
echocardiography laboratory were screened (2018-2019)
and 51 patients were included in the study group after
consideration of exclusion criteria. The chronic regurgita-
tion of the native aortic valve (with or without concomitant
stenosis) was the inclusion criterion.
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WHAT'S NEW?

First, the study showed only a weak or moderate intermodality agreement between transthoracic echocardiography (TTE) and
cardiovascular magnetic resonance (CMR) in quantitative aortic regurgitation (AR) grading. Second, the CMR-TTE compatibility
was higher in patients with central jets with no associations with the degree of aortic valve (AV) degeneration or the Carpentier
classification. Third, CMR provided significantly larger left ventricular end-diastolic volume (LV EDV) compared to TTE, which is
especially important in patients with AR. Fourth, there was a significant association in LV EDV between the modalities, but CMR
showed a stronger association between the quantitative AR parameters and LV EDV. The study supports better implementation
of CMR into clinical practice, especially in patients with a moderate AR.

The main exclusion criteria were as follows: acute
aortic regurgitation and/or endocarditis of any native
valve, aortic valve prosthesis, any stenosis or more than
mild mitral regurgitation, acute coronary syndrome or
decompensated congestive heart failure in prior 1 month,
infectious diseases in prior 1 month, significant anemia,
and contraindications to CMR.

This was a prospective single-center study performed
in accordance with the principles of the Declaration of
Helsinki and the Bioethics Committee of the Medical Uni-
versity of Silesia. All patients signed the informed consent.
This work was supported by the research non-commercial
grant from the Medical University of Silesia (KNW-1-
027/K/9/K).

Echocardiography

Echocardiography (TTE) was performed with a commer-
cially available 2-dimensional imaging system (General
Electric company Vivid e9, Milwaukee, WI, USA). All the
patients were scanned in the left lateral decubitus position
and each of the examinations followed the EACVI/ASE
2015 recommendations for cardiac chamber quantification
by echocardiography in adults [2]. Left ventricular ejection
fraction (LVEF) was calculated with the biplane Simpson
method (without an ultrasound contrast) and LV mass
was estimated using the linear method and Cube formula
[2]. Given the main aim of the paper, the grading of the
AR was based on the extensive multiparametric approach
following the 2017 ASE recommendations for noninvasive
evaluation of native valvular regurgitation [3]. The inte-
grative AR measurements were obtained in all patients
using qualitative, semi-quantitative (SQ) and quantitative
(Q) parameters depending on the quality of the acoustic
window and the type of AR itself. Each of the TTE followed
the steps of the SQ and Q described in the guidelines [3].
The AR volume (AR vol) and AR regurgitant fraction (AR
RF) were estimated using the Doppler method based on
proximal isovelocity surface area (PISA). The final severity
of AR was a multiparametric assessment with the focus on
Q parameters or SQ, if PISA method was not measurable
(acoustic window, asymmetric jet, multiple jets). The fol-
lowing quantitative criteria for the AR severity were used:
severe (AR vol =60 ml; RF =50%; ERO =0.3 cm?), moderate
(AR vol = 30-59 ml; RF = 30%-49%; ERO = 0.1-0.29 cm?) and

mild (AR vol <30 ml; RF <30%; ERO <0.1 cm?) [3]. The degree
of AV calcifications was based on the subjective assessment,
where, 0" was for elastic leaflets with no calcifications and
»3"was for hyperechogenic severe calcifications. The angle
of AR was assessed manually by the single observer as the
angle between the axis of the aortic root and the axis of
the jet in the parasternal long-axis view. The AR jet angle
0 was central and the more asymmetric jet (in either of the
sides) the larger the AR angle.

Allthe TTEimages were obtained, stored anonymously,
and then analyzed offline by a single observer (MB) blinded
to patient clinical characteristics and CMR results.

Cardiovascular magnetic resonance imaging

The CMRimages were acquired on 1.5T system (GE Optima
MR450w, GE Healthcare, Wisconsin, WI, USA) with a ded-
icated phased-array cardiac coil. The study CMR protocol
included a non-contrast examination with a multi-planar
cine steady-state free precession (SSFP) acquisitions and
flow visualization using phase-contrast (PC) flow imaging.
Cardiac chambers volumes and functions were analyzed
by SSFP in several planes, including 2-chamber, 4-chamber,
orthogonal LV outflow track, and parallel short-axis planes
covering both atria and ventricles. The typical scan param-
eters used were TE/TR (time to echo/time of repetition)
1.9/4.3 ms, slice thickness 4-8 mm (no interslice gap), and
temporal resolution 30-40 ms. The SSFP planes for the
aortic valve complex and ascending aorta were placed
perpendicular to the aortic root. The through-plane PC
flow imaging was obtained at the slices perpendicular to
the axis of flow with the positions just above the valve and
velocity encoding maximum values set at 200 cm/s. The PC
imaging was repeated, and the position of the slice and
maximum velocity values were modified to avoid aliasing or
artifacts [4]. The severity of AR was based on AR vol and AR
RF obtained in PCimaging and volumetric data calculated
from cine images and manual endocardial tracings. The
CMR grades of AR were defined according to the 2017 ASE
guidelines and the criteria for AR vol and RF were similar
as described above for echocardiography [3].

Statistical analysis
The results presented in the manuscript are expressed as
means (standard deviation [SD]) for normally distributed
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variables or medians (interquartile range [IQR]) for abnor-
mal distribution. In the case of descriptive data, a number
(percentage) was used. The distribution was tested for
normality with the Kolmogorov-Smirnov test. Baseline
clinical parameters and the measures were compared
between the subgroups using the t-tests for the normally
distributed continuous variable (Student’s t-test); in case
of abnormal distribution, the Mann-Whitney U test was
used. Associations between parameters were assessed
using Pearson correlation analysis (parametric variables).
The Bland-Altman analysis was performed to measure the
agreement between the main parameters of CMR and
TTE (AR vol and AR RF). Intermodality agreement for AR
severity classification was performed using k statistics. The
calculated kappa coefficients were graded as follows:
0-0.2 low, 0.2-0.4 fair, 0.4-0.6 moderate, 0.6-0.8 good, and
>0.8 excellent [5]. A value P <0.05 was considered statisti-
cally significant. Statistical analysis was undertaken using
Medcalc software (version 19.1, Osten, Belgium).

Table 1. Clinical characteristics of the study group

Age, years, mean (SD) 57.1(14.2)
Female/male, n (%) 19(39)/30(61)
Diabetes, n (%) 6(12)
Dyslipidemia, n (%) 45 (91)
Hypertension, n (%) 41(83)
Smoker or ex-smoker, n (%) 7(14)
Ischemic heart disease, n (%) 22 (45)
Prior MI, n (%) 0(0)
Body mass index, kg/m? mean (SD) 26.4(3.6)
Overweight/obesity, n (%) 24(48)/8(16)
Body surface area, m*, mean (SD) 1.93(0.18)
NYHA class, n (%)

| 27 (55)

Il 19 (38)

1] 3(7)

\" 0
CCS class, n (%)

0 39(79.6)

| 1(2)

I 6(12.2)

11l 3(6.2)

[\ 0
Aortic valve disease, n (%)

Bicuspid aortic valve 14 (28.5)

Aortic valve stenosis 20 (40)
Aortic valve calcifications, n (%)

0 14 (28)

1 16 (32)

2 15 (30)

3 4(10)
Aortic valve regurgitation, n (%)

Multiple jets in echocardiography 7(14)

Central/eccentric jet 26 (53) /23 (47)

Jetangle, n (%)

0-30 23 (47)
31-60 16 (32)
61-90 10 (20)

Abbreviations: MI, myocardial infarction; NYHA, New York Heart Association

RESULTS

Clinical characteristics

A total of 51 consecutive patients with AR in TTE were
enrolled into the study and finally 49 individuals (age:
57.1 [14]; 61% males) completed a non-contrast CMR
(2 excluded for CMR contraindications).

The clinical characteristics, symptoms, and baseline
parameters of AV disease are presented in Table 1. In
brief, the study patients revealed cardiovascular risk fac-
tors, including dyslipidemia (91%), hypertension (83%),
obesity (16%), or diabetes (12%). Ischemic heart disease
was found in almost half of the patients (45%), and most
subjects showed moderate symptoms (New York Heart
Association | or Il).

Most individuals had some degree of AV calcification
(72%), which resulted in a mild (19 patients; 38%) or
amoderate (1 patient; 2%) AV stenosis. Half of the subjects
showed AR with eccentric jets, and multiple jets were found
in 14% of cases.

Left ventricle remodeling

Left ventricle dimensions and systolic function were as-
sessed in both modalities. The LV end-diastolic diameters
(EDD) and end-diastolic volumes (EDV) measured in CMR
were larger compared to TTE: 57.4 (7) mm vs 54 (6) mm
(P =0.02) and 185.5 (61) ml vs 158.5 (61) ml (P = 0.03).
However, there were no differences in the LV end-systolic
diameters (35.6 [8] mm vs 35.1 [6] mm; P=0.7), end-systolic
volumes (ESV) (78.5 [36] ml vs 71 [33.2] ml; P = 0.3) and
there was a trend towards higher LV ejection fractions in
CMR compared to TTE (59 [8] % vs 56.2 [8] %; P =0.08). De-
spite some differences, there were significant associations
between both modalities in LV EDV and ESV (Figures 1, 2),
but not in LV EF. Moreover, LV mass calculated in TTE was
overestimated compared to CMR (245 [84] g vs 152 [52] g;
P <0.0001), but there was also an association between
modalities (r = 0.8; P <0.0001).

Aortic regurgitation
The main SQ measures found in TTE were as follows:
jet/LVOT ranged from 15% to 65% (31% [22-36]) and PHT
was between 35 ms and 752 ms (404 ms [320-510]). The
comprehensive quantitative assessment by the Doppler PISA
method with AR vol and AR RF were measurable in TTE in
24 cases: ARvol 38 ml (26-57 ml) and AR RF 43% (33%-57%).

The CMR AR vol ranged from 5 ml to 92 ml (18 ml [6-39])
and AR RF ranged from 5% to 75% (21% [7-36]). In the
subgroup of 24 cases, the TTE AR vol was larger compared
to CMR AR: 38.5 ml (26-57) vs 18 ml (6-39) (P <0.01) and
TTE AR RF was higher compared to CMR RF: 43% (33-57)
vs 21% (7-36) (P <0.0001).

Both modalities showed significant associations in AR
vol and AR RF (Figures 3, 4).

Both TTE and CMR provided the conclusions for AR
grading, which were compared in all patients. The intermo-
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Figure 1. End-diastolic volume (EDV) on transthoracic echocardiog-
raphy (TTE) and cardiovascular magnetic resonance (CMR). Pearson
correlation

Figure 2. End-systolic volume (ESV) on transthoracic echocardiog-
raphy (TTE) and cardiovascular magnetic resonance (CMR). Pearson
correlation
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Table 2. Aortic regurgitation grading in transthoracic echocardio-
graphy and cardiovascular magnetic resonance

Transthoracic echocardiography Mild Moderate  Severe
Mild 9 0 0
Moderate 22 9 4
Severe 1 1 3

dality agreement (TTE-CMR) in AR grading across a mild,
moderate and severe AR was low (k = 0.15, SE = 0.08; 95%
Cl,-0.006-0.309) (Table 2). Both modalities provided similar
conclusions mostly in mild AR (91%). TTE overestimated the
grade of AR in 51% and underestimated the AR severity in
15% of patients (Figure 5).

The rate of concordant AR severity between both
modalities was significantly higher in 32 patients with jet
angle <40° compared to 17 subjects with asymmetric jet
angle =40° (50% vs 35%; P <0.05). However, the degree of
AV calcification or the mechanism of AR according to the
Carpentier classification were not associated with the rate
of concordant AR severity (P = ns).

The association of AR vol and LV EDV was stronger
in CMR (r = 0.85; P <0.0001) compared to TTE (r = 0.6;
P=0.001).

Myerson et al. showed that CMR AR RF >33% or AR vol
>42 ml have a high predictive value to identify patients who
will develop symptoms and strong indication for surgery
in the following years [4]. In our study group, 18 patients
revealed at least one of the above parameters identifying
those with worse prognoses. In this subgroup, TTE indi-

cated a significant AR in 50% (severe or moderate-to-se-
vere) and underestimated AR in another 50% of subjects
(mild-to-moderate in 45% and even mild in 5%).

DISCUSSION

Our prospective study evaluated the incremental value of
CMR over TTE for the assessment of patients with chronic
AR. First, there was a moderate intermodality agreement
betweenTTE and CMR in quantitative AR grading. Second,
the CMR-TTE compeatibility was higher in patients with
central jets with no associations with the degree of AV
degeneration or the Carpentier classification. Third, CMR
provided significantly larger LV EDV compared to TTE,
which is especially important in patients with AR. Fourth,
there was a significant association in LV EDV between the
modalities, but CMR showed a stronger association be-
tween the quantitative AR parameters and LV EDV.

Our results are based on the consecutive patients
scheduled for the echocardiography lab and they are rep-
resentative for clinical practice. There were patients with
all the degrees of native AR, different AR mechanisms, and
various severity of AV calcifications, including any grade of
stenosis in 40% of cases. We found that the comprehensive
quantitative grading by the Doppler PISA method was
available in TTE only in half of the cases. While the PISA
method is a major tool for mitral valve regurgitation [6], it
is not well visualized in AR, except for significant regurgita-
tions with preferably central jets, when a continuous wave
Doppler may be used. Pirat et al. showed that regurgitant
volumesin the 2D PISA method had a moderate correlation

TRANSTHORACIC ECHOCARDIOGRAPHY

MILD
n=11)

MODERATE-TO-SEVERE SEVERE
(n=10) (n=5)

:.:‘iiJON-SIGNlFI'EANT AR
Y ) :

v ¥ »

MILD MILD-TO-MODERATE MODERATE-TO-SEVERE

7 SIGNIFICANT &
A4 Y )

CARDIOVASCULAR MAGNETIC RESONANCE

Figure 5. Flow chart — the primary grading of aortic regurgitation on transthoracic echocardiography (number of patients in brackets) and
the final grading on cardiovascular magnetic resonance with the rates of patients (%)

Abbreviations: AR, aortic regurgitation
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with the actual volumes in an in-vitro flow model for AR,
with an accuracy dependent on the shape of the orifice
[7]. The 3D PISA method would improve the accuracy
of AR quantification, but it requires high-quality images
available in transesophageal echocardiography. The other
TTE method for quantification (the SV method) is prone
to variability mainly due to a 3-dimensional complex and
dynamic shape of the mitral annulus and LV outflow tract.
The minor change in echocardiographic view is subject to
a major change in diameters and estimated volumes and
it has higher variability in measurements [4].

Our study showed that the AR vol and AR RF were sig-
nificantly larger in TTE compared to CMR. Given that TTE
showed systematically lower volumes of LV, it is expected
that AR RF would be systematically overestimated com-
pared to CMR. Moreover, AR RF obtained in TTE showed
only a moderate association with a reference CMR, which
suggests that it should not be used in clinical practice. The
conclusions of both modalities obtained in all study groups
were similar in patients with mild AR. The concordance
among the other three grades of AR was moderate or low
and, in general, TTE overestimated most cases. However,
we had only 5 patients with a severe AR in TTE. Cawley et
al. compared both modalities and they also found that TTE
used in 31 patients (SV method) overestimated AR vol with
no differences in AR RF [8]. There was also only a moderate
association between modalities in AR volumes. Gelfand et
al. showed a moderate agreement in final AR grading in
a small group of patients with AR [9]. Our study is one of
the largest among few papers comparing CMR with echo-
cardiography in patients with a native AR [10].

Previous reports showed that the CMR AR grading
and AR volumes revealed better predictive values for AV
replacement (AVR) or heart failure and it showed a better
correlation with an LV remodeling following AVR compared
to echocardiography in a relatively small study groups
[11, 12]. Given the cut-offs for AR vol and AR RF in CMR
provided by Myerson et al. [4], we found that TTE would
underestimate the clinical prognosis in half of our study
group in a relation to the same cut-off values.

We have used the same cut-off values for quantitative
parameters (AR vol and AR RF) in both TTE and CMR, which
were recommended in the latest guidelines [3]. There are
various cut-offs suggested for AR grading in CMR [13, 14].
The evidence on the appropriate values for CMR is still very
scarce and we are awaiting the specific guidelines. We used
the CMR PC as the primary method for AR grading as it was
shown to have lower variability compared to the CMR RV-
LV volume method [6]. Moreover, it was shown that this
direct method of AR quantification has high accuracy and
reproducibility [15-17].

LV remodeling and systolic function are the other key
parameters for appropriate timing of cardiac surgery [1].
CMR is well evidenced to provide very accurate measure-
ments of LV volumes, function, and mass [18, 19]. We found
that CMR revealed significantly larger LV EDV compared to

TTE. Itis in line with previous studies [8, 10]. All our study
patients had preserved LV systolic function and the relative
differences were small. Therefore, our number of study
patients might not have been large enough to provide
statistical significance. Although there was an association
between LV mass calculated in CMR and estimated in TTE,
the linear method used in TTE led to a significant overes-
timation as it was found in previous reports [8]. Finally,
our study showed that there was a stronger association
between the quantification of AR and LV EDV in CMR
compared to TTE, which is a similar result to the study by
Uretsky et al. [20]. Aortic valve-sparing surgery is a recently
evolving novel surgical therapeutic option with prom-
ising early effects and long-term clinical outcomes [21,
22]. However, it is a highly complex procedure requiring
comprehensive imaging diagnostics and an experienced
surgical team. Thus, CMR seems to be the best imaging
modality for patients scheduled for AV repair.

Study limitations

Our study group included only 5 individuals with a severe
AR, which limits the strength of our conclusions. We do
not have a clinical follow-up yet and we cannot relate our
results to clinical prognosis. All the valve regurgitations
have a physiological variability in loading conditions de-
pendent on blood pressure or heart rate, which could affect
the measurements. However, it affects both modalities and
our study group included only chronic AR. We did not use
3-dimensional measurements of LV volumes, which would
improve the compatibility in measurements between TTE
and CMR. However, 3D TTE is measurable only in patients
with a good acoustic window.

CONCLUSIONS

In our study, CMR provided a comprehensive assessment of
AR severity and LV remodeling with a moderate agreement
with TTE and a better clinical predictive value. In clinical prac-
tice, echocardiography is the most reliable in patients with
mild or non-significant AR and central jets with good condi-
tions for a PISA method quantification. However, a compre-
hensive quantitative assessment by the PISA method was
measurable in less than half of the study patients. There is
a clear underestimation of the degree of LV remodeling in
TTE and systematical difference in quantitative parameters
of AR between CMR and TTE. It suggests the need for new
cut-off values in AR in both modalities. Our study supports
also better implementation of CMR into clinical practice,
especially in patients with a moderate AR.
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