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Abstract

Background: To establish a more accurate technique for the assessment of the left ventricular function correlated
with patients’ clinical condition avoiding the miscalculation of the ejection fraction in valvular regurgitation. A
prospective study carried out between July 2018 and June 2019. The studied group included 35 subjects, 25
patients with valvular regurgitation, and 10 healthy control subjects. All subjects underwent cardiovascular
magnetic resonance examination to evaluate the ejection fraction by two methods: the volumetric method which
assesses stroke volume via subtraction of the end-systolic volume from the end-diastolic volume, and phase-
contrast method which assesses the aortic stroke volume via a through-plane phase contrast across the aortic valve.
The sensitivity, specificity, P value and the area under the curve of both methods were calculated.

Results: In the healthy group, using the volumetric method, the calculated mean ejection fraction was 62.44 + 6.61,
while that calculated by the phase-contrast method was 64.34 + 533, with a non-significant difference (P=0.62)
showing the validity of the phase-contrast method. In the patients’ group, by using the volumetric method, the
calculated mean ejection fraction was 47.17 + 14.31%, which was significantly higher than that calculated by the
phase-contrast method (29.39 + 7.98%) (P=0.02). According to the results of the calculation of the ejection fraction
by the volumetric method, there were 18 patients (72%) having impaired cardiac function and 7 (28%) patients of
normal function; while according to the phase-contrast method, all the 25 patients had impaired cardiac function.
The current study shows that the phase-contrast cardiac magnetic resonance had 89.29% sensitivity and 85.7%
specificity in diagnosing impaired cardiac function with the area under the curve of 0.87 (P=0.00).

Conclusion: The phase-contrast cardiac magnetic resonance can provide a better assessment of the ejection
fraction in valvular regurgitation.

Keywords: Cardiac magnetic resonance imaging (CMR), Phase contrast (PC), Ejection fraction (EF), Valvular heart
diseases (VHD), Regurgitation
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Background

Accurate and reproducible assessment of the left ven-
tricular (LV) volumes, in particular, the ejection fraction
(EF), is important in the management of various cardiac
diseases because it is one of the strongest predictors of
the clinical outcome [1, 2].

Cardiac magnetic resonance (CMR) imaging has been
established in the evaluation of different cardiac diseases,
with proven high accuracy and reproducibility. CMR is
considered a gold standard in the evaluation of LV func-
tion and is the recommended method to assess cardiac
function and hemodynamics [3, 4], with higher reprodu-
cibility than echocardiography [5-7].

Phase-contrast (PC) velocity mapping shows a higher
sensitivity to flow disturbances and can directly measure
forward, regurgitant, and shunt flows in congenital and
acquired heart disease [8, 9]. Phase-contrast cardiac
magnetic resonance (PC-CMR) techniques have gained
popularity with improvements in MR hardware, pulse
sequences, and post-processing techniques [10].

Previous studies have shown that PC-CMR provides
the most accurate measurement of cardiac output and
LV volumes in cases with mitral, aortic, or pulmonary
valve regurgitation [11-14].

Valvular heart diseases (VHD) are common, and their in-
cidence increases with age. In the past, VHD were typically
caused by rheumatic heart diseases (RHD), which remain a
significant public health burden in developing countries. In
industrialized countries, rheumatic valve diseases have fallen
so much and the risk of developing age-related degenerative
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valvular heart diseases increased as a result of increasing life
expectancy and atherosclerotic risk factors [15].

In routine clinical practice, left ventricular perform-
ance is one of the most important prognostic factors in
valvular heart diseases, whether treated medically or sur-
gically. The left ventricular ejection fraction (LVEEF) is
the most commonly used clinical measure for the assess-
ment of the global left ventricular function. It gives valu-
able information that may be useful in the selection of
therapy or determination of the optimal time for inter-
vention [16, 17].

The ejection fraction (EF) is defined as the percentage
of blood leaving the heart each time it contracts, and it
is calculated through dividing the ventricular stroke vol-
ume [the difference between the end-diastolic volume
(EDV) and end-systolic volume (ESV)] by the ventricular
EDV, depending on the rule of summation of discs
(Simpson’s method) [18], using the following equation:

EDV-ESV

LVEF =1
V. 00 x EDV

This method is applied by most or even all modalities
which are used to estimate the EF, either subjectively by
visual estimation or objectively by quantitative methods,
invasively or non-invasively, like echocardiography, mag-
netic resonance imaging (MRI), computed tomography
(CT), gated equilibrium radionuclide angiography and
gated myocardial perfusion imaging with either single-
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outflow volume

Fig. 1 In mitral valve regurgitation, the blood leaks backward during systole through the mitral valve into the left atrium dividing the stroke
volume estimated by volumetric method into two components: the aortic flow volume which represent the effective stroke volume, and the
regurgitant flow volume which still present within the heart overestimating the calculated ejection fraction
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Fig. 2 In aortic valve regurgitation. The valve does not close completely during diastole with leaking of part of the ejected blood backward into
the heart reducing the net ejection fraction throughout the whole cardiac cycle

Normal

photon emission computed tomography (SPECT) or
positron emission tomography (PET) [19].

The ejection fraction represents the change in LV
volume from end-diastole to end-systole without taking
into consideration the direction of pumped blood. It
estimates the amount of blood pumped out of the left
ventricle wherever the blood is pumped through the
aorta or through another leakage pathway [20].

In a heart with normally functioning valves, the
blood volume entering the left ventricle across the
mitral valve will be equal to the blood volume exiting
the left ventricle across the aortic valve. On the other
hand, in patients with valvular regurgitation, the LV
stroke volume estimated by the standard method is
equal to the aortic forward stroke volume crossing
the aortic valve (antegrade flow), in addition to the
blood volume that leaks through the diseased valve
(retrograde flow). Actually, there are two possible
conditions with regurgitation:

1) In the case of mitral regurgitation: the LVEF is
overestimated because it does not only reflect the
blood volume pumped into the aorta, but also that is
pumped into the low-pressure left atrium [21]. As a

result, the left ventricular stroke volume is actually
divided into two components, the aortic forward
flow volume and the regurgitant volume into the left
atrium (Fig. 1). According to the standard method of
calculation of the LVEF, the regurgitant blood vol-
ume is calculated as a part of the SV instead of sub-
tracting it as it is not actually pumped outside the
heart. This overestimation of the LV systolic func-
tion gives a false better indication of left ventricular
function, while the patient may be clinically com-
plaining or even in a situation of heart failure.

2) In the case of aortic regurgitation: the heart pumps
blood out of the left ventricle during systole, and
then a part of this pumped volume leaks back
through the incompetent aortic valve during

Table 1 Normal ranges and severity partition cut-off values

for LVEF

Male Female
Normal range 52-72 54-74
Mildly abnormal 41-51 41-53
Moderately abnormal 30-40 30-40
Severely abnormal <30 <30
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Table 2 Diagnostic accuracy of phase contrast cardiac MRI in
diagnosing impaired cardiac function

Indices Value
Area under the curve 0.87
Sensitivity 89.29%
Specificity 85.71%
Positive predictive value 96%
Negative predictive value 67%

P value 0.00

diastole. When this happens, the net SV across the
aortic valve is reduced (Fig. 2). So, again, according
to the standard method for calculation of LVEF, the
net aortic stroke volume is not actually calculated
because a portion of the estimated pumped blood
still remains in the left ventricle. This in turn
overestimates the LVEF and gives a false better
indication of the left ventricular function while the
patient could be complaining or have a picture of
heart failure.

So, we assume that, in patients with valvular regurgita-
tion, the volumetric CMR method for estimation of the
LVEF using the EDV and ESV may overestimate and
miscalculate the indices of the left ventricular function,
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because the leaking regurgitant blood volume is not sub-
tracted as it should be. There is actually a real need for a
method that could correctly calculate the aortic SV that
would determine the appropriate management of pa-
tients with valvular heart disease. In order to achieve the
exact estimation of the aortic SV and in turn the LVEF,
it is needed to calculate the blood volume pumped
across the aortic valve throughout the whole cardiac
cycle. By this method, the regurgitant blood volume
across the malfunctioned valves would be subtracted.

Continuous improvements in MRI hardware and soft-
ware have enabled MRI to increasingly attain an import-
ant role in a large variety of cardiac diseases, offering
unique information including the ability to directly
quantify flow using through-plane phase-contrast (PC)
velocity mapping [22].

The aim of this study was to compare the standard
volumetry CMR and PC-CMR techniques for estimation
of the LVEF in patients with valvular heart diseases.

Methods

The current study is a prospective study comparing two
methods of calculation of EF, the volumetric and PC
methods, in valvular regurgitation. The institutional
review board approved the study. The participants were
recruited from the cardiothoracic department and

100
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Fig. 3 Diagnostic accuracy of phase contrast (Q-flow) cardiac MRI in diagnosing impaired cardiac function
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Functional SA LV : Functional SA LV - Q1 d
ANALYSIS SETTINGS INFORMATION:

Volume results are not filtered.

LEFT VENTRICLE - RESULTS SUMMARY:

Endovolume Blood volume
295.

ED volume 5 251.7 nl

ES voluse s 156.2 116.1 nl
Ejection fraction : 47.2 53.9%

Stroke volume 139.5 135.6 nl

Stroke index s 76.7 74.6 nl/beat/m?
Cardiac output - 9.3 9.1 1/min
Cardiac index : 5.1 5.0 1/min/m2

short-axis method (EFvol) was 47.2% (mild dysfunction)

Fig. 4 A 51-year-old male patient with rheumatic valvular heart disease presented with dyspnea and lower limb edema. The performed CMR
showed mitral and aortic regurge. Mitral regurge is seen in a four-chamber view during systole and b three-chamber view during systole, and
aortic regurge is seen in ¢ three-chamber view during diastole; d the volumetric analysis shows that ejection fraction estimated by volumetric

underwent CMR examination on a 1.5 Tesla system in
the radiology department at a tertiary hospital in the
period between July 2018 and June 2019.

Study population

The study was conducted on 35 subjects including 25
adult patients with reversed cardiac hemodynamics
(aortic and mitral valve regurgitation) and 10 age- and
sex-matched healthy controls with no clinically or
echocardiographically detected cardiac abnormalities.
The 25 patients have been diagnosed clinically and by
echocardiography as having valvular heart disease
(VHD) of different etiologies (14 rheumatic, 5 ische-
mic, 6 non-ischemic cardiomyopathic). Patients with
known contraindication to MRI including the pres-
ence of paramagnetic surgical clips, pacemakers,
severely ill patients, claustrophobics, restless subjects,
and patients with arrhythmia were excluded.

Image acquisition

A standard CMR protocol was applied in all participants
in the study including the following steps and pulse
sequences: First of all, FFE multi-planar localizer for
planning of the imaging views. Then functional cine im-
ages acquired using ECG-gated segmented k-space
breath-hold balanced turbo field echo (b-TFE) sequence

in short-axis view; two-, three- and four-chamber views;
and left ventricular outflow tract (LVOT) view, all were
obtained during repeated breath-hold. After that, volu-
metric images were acquired using a stack of 9 contigu-
ous 8mm slices in the double-oblique LV short-axis
orientation, covering the whole LV from the apex to just
above the level of the base of the heart. Lastly, the trans-
aortic flow (Q-flow) was determined from through-plane
phase-contrast images obtained with retrospective ECG
synchronization during breath-hold. A velocity of 150
cm/s was chosen for velocity encoding, and the phase
encoding velocity was increased if aliasing was noticed.
To define the acquisition plane, the three-chamber
LVOT and coronal LVOT views were used during sys-
tole. The section was positioned just above the opened
aortic valve at the sino-tubular portion. In order to
minimize the effect of factors that may affect EF such as
changes in heart rate, blood pressure, and resting condi-
tions, we will compare the two methods by MRI examin-
ation which is performed at the same time on the same
table of the MRI scanner.

Images analysis
All the obtained MR images were transferred to a com-
puter workstation for analysis and post-processing.
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Fig. 5 On the other hand, the same patient using the phase-contrast analysis, the LV stroke volume (SVPC) was 94.6 ml and ejection fraction
(EFPC) was (94.6/295.7) x 100 = 32% which reflects moderate dysfunction. a The magnitute image showing the detailed anatomy, contour, and
the shape of the aortic valve during systole. b The phase velocity map depicts the velocity and direction of flow in each pixel within the aorta. c
Q-flow analysis of the aortic flow. d By outlining the contours of the aorta throughout each phase in the cardiac cycle, a flow curve can be
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Assessment of the LVSV and EF from the volumetric
short-axis images (the volumetric method) was via meas-
urement of LV EDV and ESV. Endocardial borders at
the end-diastole and end-systole were manually traced
using standard system software analysis tools. Volumes
were computed by a summation of the discs method
“Simpson’s rule” where the sum of all slices was multi-
plied by the slice thickness. Subsequently, SV and EF
were calculated using the following equation: “LVEF =
SV(EDV - ESV) + EDV.”

Whereas assessment of the LV SV and EF derived
from the trans-aortic flow volume (the phase-contrast
method) was via velocity maps which used to deter-
mine flow volume throughout the whole cardiac
cycle, with the same magnitude and phase velocity
maps, a region of interest was traced around the as-
cending aorta to determine the area of flow, frame by
frame. By multiplying the velocity (cm/s) of each pixel
by the area (cm?) of the region of interest, the in-
stantaneous flow volume (cm®/s) is obtained for each
frame of the cardiac cycle. The instantaneous flow
volume of each frame (y-axis) can be plotted against
the time of the cardiac cycle (x-axis) to show bulk
flow as it relates to the cardiac cycle. When the area
under the curve was integrated for systole and

diastole, forward, regurgitant and stroke volumes
could be generated [23]. Subsequently, the EF was
calculated via this equation: LVEF =aortic SV(phase
contrast) +~ EDV.

The data obtained from both methods were classified
and qualified according to the guidelines and recom-
mendations of the American Society of Echocardiog-
raphy (ASE) and the European Association of
Cardiovascular Imaging (EACVI) 2015 [24] as shown in
Table 1.

Statistical analysis

Data were collected and entered into a Microsoft Access
database and were analyzed using SPSS (Statistical Pack-
age for the Social Science, version 20, IBM, and Armonk,
New York). Continuous data was expressed in the form
of mean + SD or median (range) while nominal data was
expressed in form of frequency (percentage). Chi-
squared test was used to compare the nominal data of
different groups in the study while Student’s ¢ test was
used to compare the mean of different two groups. ROC
curve was used to determine the diagnostic accuracy of
the PC method for the measurement of EF. P value was
considered significant if < 0.05.



Yousef et al. Egyptian Journal of Radiology and Nuclear Medicine (2020) 51:11 Page 7 of 11

Functional SA LV : Functional SA LV - Q1 d
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Fig. 6 A 26-year-old male patient with rheumatic valvular heart disease presented by dyspnea grade Ill. The performed CMR showed mitral and
aortic regurge. a Aortic regurge is seen in a three-chamber view during diastole. b, ¢ Mitral regurge is seen in three and four-chamber views
during systole. d The volumetric analysis shows that ejection fraction estimated by volumetric short-axis method (EFvol) was 59% (normal)
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Results

The demographic data showed that the mean age (+ SD)
of the study group was 42.33 + 12.09 years, and for the
healthy group was 38.60 + 9.83 years. The majority of the
studied subjects were males in both groups. As regard
sex and age, there were no significant differences
between both groups (P> 0.05). The complaints of the
patients of the study group were dyspnea, chest pain,
and easy fatigability which were presented in 13 (52%),
10 (40%), and 2 (8%) patients, respectively. The majority
of patients (14 patients, 56%) had rheumatic heart dis-
ease while dilated cardiomyopathy and ischemic heart
disease in 6 (24%) and 5 patients (20%), respectively.

In our study, it was noticed that the frequency of aortic
regurgitation was more than aortic stenosis; 12 patients
(48%) had variable degrees of aortic regurgitation while
only 2 patients (8%) had aortic stenosis. Combined regur-
gitation and stenosis was detected in 2 patients (8%). The
other 9 patients in the study (36%) had a normal aortic
valve. According to the mitral valve, mitral regurgitation
was encountered more frequently in this study (11 cases,
44%) than mitral stenosis (4 cases, 16%). Patients with mi-
tral regurgitation could be further classified into variable
degrees of regurgitation including mild regurge (3 pa-
tients, 12%), moderate regurge (4, 16%), and marked
regurge (4, 16%). All the 4 cases of mitral stenosis had a
severe degree of stenosis. Combined regurgitation and
stenosis were encountered in 3 patients (12%). no

abnormality could be detected in the mitral valve in the
other 7 patients of the study (28%).

Regarding assessment of the cardiac function and
measurement of the EF by both volumetric and PC
methods in the healthy group, according to the volumet-
ric method, calculation of the mean EF in the study was
62.44 + 6.61, while that calculated by the PC method was
64.34 + 5.33 which was not significant (P = 0.62) showing
the validity of the PC method. In the patients’ group,
according to the volumetric method, calculation of the
mean EF was 47.17 +14.31%, which was significantly
higher than that calculated by the PC method (29.39 +
7.98%) (P =0.02). Also, by the volumetric method, there
were 18 patients (72%) with impaired cardiac function
and 7 (28%) patients with normal function; while by the
PC method, all the 25 patients of the study had impaired
cardiac function. As shown in Table 2, the current study
demonstrates the diagnostic accuracy of PC-CMR in
diagnosing impaired cardiac function having 89.29% sen-
sitivity and 85.7% specificity with the area under the
curve of 0.87 (P =0.00, Fig. 3).

Figures 4, 5, 6, 7, 8, and 9 show three illustrative cases
with volumetric and PC-CMR analysis.

Discussion

The ejection fraction describes the volume of blood
pumped out from the left ventricle per beat and is
widely used as a rapid and rough indicator of left
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Fig. 7 On the other hand, the same patient using the phase-contrast analysis, the LV stroke volume (SVPC) was 54.9 ml and the ejection fraction

(EFPC) was (54.9/221.1) x 100 = 24.8% (severe dysfunction). a The magnitute image showing the detailed anatomy, contour, and the shape of the
aorta. b The phase velocity map depicts the velocity and direction of flow in each pixel within the aortic valve during systole. ¢ Q-flow analysis of
the aortic flow. d By outlining the contours of the aorta throughout each phase in the cardiac cycle, a flow curve can be generated to determine

aortic forward reverse stroke volume and flow

ventricle contractile function. The calculation of LVEF
has important diagnostic, prognostic, and therapeutic
implications [25-28].

EF is widely used in the initial classification and risk
stratification of patients with heart failure [29]. MRI is
the preferred method for the estimation of left ventricu-
lar volume and ejection fraction in patients with heart
failure [30]. The term “normal EF” is clinically inter-
preted as sufficient amount of blood pumped by the
heart to cover the demands of different body organs.

The aim of this study was to compare cine volumetry
and phase contrast as cardiac MRI techniques for esti-
mation of the EF in patients with valvular insufficiency.

In this study, in the 10 healthy control subjects, the LVEF
measured with the volumetric technique was equivalent to
the EF measured by PC technique; therefore, in absence of
valvular insufficiency, the EF can be reliably measured using
both CMR techniques with minimal discordance.

On the other hand, among the 25 patients with valvu-
lar abnormalities, the volumetric CMR method had
falsely assigned 28% of patients to have normal cardiac
function, although they actually had clinical manifesta-
tions of heart failure. However, the LVEF calculated
according to PC-CMR method showed that these
patients had impaired cardiac function. Moreover, there
was mismatching in the degree of cardiac function

Fig. 8 A 55-year-old female patient with rheumatic valvular heart disease presented by dyspnea, chest pain, and lower limb edema. The
performed CMR showed aortic regurge seen in a two-chamber view during diastole and b four-chamber view during diastole. ¢ The volumetric
analysis shows that ejection fraction estimated by volumetric short-axis method (EFvol) was 49.8% (mild dysfunction)
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Fig. 9 On the other hand, the same patient using the phase-contrast analysis, the LV stroke volume (SVPC) was 42.3 ml and ejection fraction

(EFPC) was (42.3/245.1) x 100 = 17.3% (severe dysfunction). a The magnitute image showing the detailed anatomy, contour, and the shape of the
aorta. b The phase velocity map depicts the velocity and direction of flow in each pixel within the aortic valve during systole. ¢ Q-flow analysis of
the aortic flow. d By outlining the contours of the aorta throughout each phase in the cardiac cycle, a flow curve can be generated to determine

~;

valvr (not validated) %

7581515 ek var%
5 N

Q-Flow: Aecfi®

7 1 153NS
Cv RUBSHEIS

PSS e, N |

0 100 20 30 4«0 S0 60 0

time ()

impairment between the volumetric and PC methods of
cardiac MRI in these patients.

The volumetric method for estimation of LVEF seems
to be erroneous in the calculation of the true blood
volume pumped into the aorta that actually determines
the clinical condition of the patient and his prognosis.

In the presence of valvular regurgitation, when the
left ventricle contracts, the end-diastolic blood volume
is divided into three portions: the ejection fraction
EF, the regurgitant fraction, and the residual fraction
(ESV); and each of these fractions has its relevant
indicator. The EF indicates the efficacy by which the
heart provides blood to different body organs; the
regurgitant fraction indicates the severity of valve
pathology, whereas the residual fraction represents
the efficiency of cardiac muscle contraction that
would in turn judge the extent of benefit that would
be gained after surgical management.

Clancy et al. [31] hypothesized the term “forward EF” to
describe the forward stroke volume divided by EDV and
suggested that it may be a useful index of LV function,

since it represents LV emptying into the aorta. Forward
LVEF is a composite marker of valve regurgitation severity
and LV systolic dysfunction. The “total” LVEF measured by
Simpson’s method may grossly underestimate the extent of
intrinsic myocardial systolic dysfunction [32].

Dupuis et al. [33] stated that the forward LVEF (LV
outflow tract SV divided by LVEDV) is superior to the
total LVEF in predicting outcomes in mitral regurgita-
tion. Other similar studies have described the use of PC-
CMR for calculation of the mitral regurgitant volume
by subtraction of the aortic forward flow calculated at
the aortic root from the total left ventricular stroke
volume (LVSV) obtained from planimetry of the LV
end-diastolic and end-systolic contours [34].

Accurate quantification of valve regurgitation is cru-
cial for the optimal management of patients with valvu-
lar heart disease [35]. PC-CMR is a well-validated
method for quantifying left-sided regurgitant valvular
lesions [36, 37].

To the best of our knowledge, this is the first time to
combine the cine volumetric CMR method with PC flow
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measurements for calculation of the left ventricular vol-
umes and EF. The study shows that EF calculated by
cine volumetry cannot be relied upon in the presence of
valvular dysfunction, while PC-CMR is more accurate in
this regard.

This study shows that cardiac MRI can accurately cal-
culate LVEF in patients with valvular heart disease; how-
ever, certain limitations do exist in this work; a few of
them could be addressed through further work, while
others are inherent to the methodology we used.

1- Reference values from normal volunteers of racial
and ethnic concerns with different age and sex
groups are not established yet. The same also
applies regarding patients’ ranking for the degree of
impaired cardiac function.

2- Phase-contrast velocity mapping can be affected by
many technical factors such as translational valve
motion, temporal blurring, partial volume
degradation, and velocity offset errors due to eddy
currents or magnetic field inhomogeneity, and so
the technique needs to be standardized to validate
the accuracy of its results [38].

For routine clinical utilization of the metrics obtained
in this study, reference values from normal volunteers of
racial and ethnic concerns need to be established. A par-
allel similar scale study is also needed in cardiac patients
to determine the ranking for the degree of impaired car-
diac function. Also PC calculation method of EF may be
applied in further studies on other conditions expressing
reverse in the cardiac hemodynamic-like ventricular sep-
tal defect where the blood pumped out of the LV is
divided into two fractions: one fraction is ejected into
the aorta whereas the other fraction is shunted to the
low-pressure right ventricle and miscalculated as a part
of LVEF.

Conclusion

Functional assessment of the left ventricle is important
in the management planning of patients with valvular
heart diseases. PC-CMR is accurate in calculation of the
LVEF and assessment of left ventricular function in
regurgitant valvular heart diseases, being superior to cine
volumetry in this regard that would have an important
impact on management of such patients.
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