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Abstract

Objective: There is currently no subjective, definitive evaluation method for therapeutic indication other than symptoms in

aortic regurgitation. Energy loss, a novel parameter of cardiac workload, can be visualized and quantified using echocardiography

vector flow mapping. The purpose of the present study was to evaluate whether energy loss in patients with chronic aortic

regurgitation can quantify their subjective symptoms more clearly than other conventional metrics. Methods: We studied

15 patients undergoing elective aortic valve surgery for aortic regurgitation. We divided the patients into symptomatic and

asymptomatic groups using their admission records. We analyzed the mean energy loss in one cardiac cycle using transesophageal

echocardiography during the preoperative period. The relationships between symptoms, energy loss, and other conventional

metrics were statistically analyzed. Results: There were seven and eight patients in the symptomatic and asymptomatic groups,

respectively. The mean energy loss of one cardiac cycle was higher in the symptomatic group (121 [96 to 184]) than in the

asymptomatic group (87 [80 to 103]) (p=0.040), whereas the diastolic diameter was higher in the asymptomatic group (65 [59

to 78]) than in the symptomatic group (57 [51 to 57]) (p=0.040). There was no significant difference between the symptomatic

and asymptomatic groups in terms of other conventional metrics. Conclusions: An energy loss can quantify patients’ subjective

symptoms more clearly than other conventional metrics. The small sample size is the primary limitation of our study, further

studies assessing larger cohort of patients are warranted to validate our findings.

1. Introduction

There is no subjective, definitive evaluation method for therapeutic indication other than presenting symp-
toms in aortic regurgitation (AR). According to the 2014 American College of Cardiology/American Heart
Association guidelines for the management of chronic AR, the indication for aortic valve surgery is mainly
based on the presenting symptoms; the indications in asymptomatic patients are decreased and impaired
systolic function or a highly dilated left ventricular chamber1. In order not to miss the optimal timing of
the surgical indication for improved postoperative patient prognosis, a novel parameter to estimate not the
current cardiac function but the workload itself should be required.

Echocardiography vector flow mapping (VFM) is one of the blood flow visualization techniques which enables
evaluation of cardiac energy loss (EL); these can detect the progression of cardiovascular disease2-4. Normal
pattern vortex and EL reference value of the left ventricle in adults and pediatric patients were confirmed
by using VFM5,6. Several studies attempted to elucidate the mechanism of thrombus formation in the left
ventricle7,8. VFM analysis of valvular9-12 and congenital heart disease13-15 can reportedly reveal and evaluate

1



P
os

te
d

on
A

u
th

or
ea

23
A

u
g

20
20

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

g
h
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
59

81
91

21
.1

55
34

10
7

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

the effectiveness of the surgical treatment. As it does not require the use of contrast, this VFM technology
can be easily used in routine clinical practice to assess ventricular vortices and predict patients’ outcome

16.

Previous studies have already revealed that left ventricular diastolic EL increases proportionally to AR
severity owing to turbulent vortex flow17. However, there is still limited information about intracardiac flow
evaluation in aortic valve disease

16. The aim of the present study was to determine whether left ventricular EL in chronic AR can be an
alternative and superior parameter to detect symptomatic AR with surgical indication than other conven-
tional metrics. We retrospectively analyzed patients who underwent elective surgery for severe AR with
transesophageal echocardiography (TEE) under anesthesia.

2. Methods

2.1 Patients

This retrospective study was approved by the institutional review board of our institution; written informed
consent was obtained from all participating patients (ERB-C-1144-1). We retrospectively analyzed patients
with severe AR who underwent elective aortic valve surgery between June 2015 and December 2018. During
the study period, 22 cases were detected. We excluded patients with mitral regurgitation (MR) of moderate
or higher grade, coronary syndrome, mental retardation, mild AR, emergent surgery, and adult congenital
surgery (Fig. 1). Clinical data including sex, height, body weight, and body surface area, brain natriuretic
peptide, and human atrial natriuretic peptide were collected on admission. We also collected patients’
echocardiographic data from preoperative transthoracic echocardiography (TTE). Preoperative TTE was
performed by the attending cardiologist, and all relevant echo indices were measured in accordance to the
American Society of Echocardiography and the Society of cardiovascular anesthesiologist guidelines18,19. We
divided patients into symptomatic and asymptomatic groups using their admission records. Those of stages
above New York Heart Association (NYHA) class I were considered symptomatic and those at NYHA class
I stage were asymptomatic. The existence of a symptom was defined according to the medical record as
written by nurses and cardiovascular surgeons; these individuals were unaware of the study content.

We also enrolled one patient who was diagnosed with heart failure due to acute severe AR and underwent
emergent aortic valve replacement (AVR) to obtain left ventricular vortex information. Written informed
consent was obtained from this patient.

2.2 Echocardiography

The details of the echocardiogram have been previously reported10. After the induction of anesthesia and
when the patients’ vital signs were stable, TEE was performed by a TEE certified anesthesiologist (AK or
KA). We used the Aloka ProSound F75 premier ultrasound machine (Hitachi, Tokyo, Japan). Digitized 2D
color Doppler cineloop images obtained in the mid-esophageal left ventricular long axis view by TEE were
stored with the VFM configuration before the procedure. These images were transferred to a computer for
analysis with VFM software. EL values were averaged over 3 cardiac cycles. When the aliasing phenomenon
was detected, the aliasing areas were manually corrected. Measurements of systolic and diastolic EL were
calculated as the mean EL during systolic and diastolic phases.

2.3 Defining Energy Loss

This technology uses both color Doppler images and speckle tracking images2. Intracardiac energy loss can
be calculated from the following equation:

Energy Loss =
∫
µ

{
2
(
∂u
∂x

)2
+ 2

(
∂v
∂y

)2
+
(

∂u
∂y + ∂v

∂x

)2}
dA

Where μ is the viscosity of the blood, u and v are velocity components along the Cartesian axes (x and
y), and A is the area of the unit of the grid. This is a simplified equation that is confined to 2D flow. An
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example of VFM analysis by TEE is shown (Fig.2). NYHA IV and post AVR cases were not included the
main analysis. Figs 3 and 4 show one cardiac EL distribution in NYHA I and NYHA III cases. The main
advantage of VFM is that it allows visualization of the turbulent vortex, the area where the blood flow is
not laminar with disturbed direction with strong energy dissipation. EL was highest in the region of the left
ventricle corresponding to the turbulence produced by the AR jet, as reported previously17. The mean EL
depends on the left ventricular preload and turbulent left ventricular vortex-like systolic anterior motion20.
Turbulent flow results in a higher EL than laminar flow, as reported previously21.

2.4 Statistical analysis

All continuous variables were skewed and summarized by the median and interquartile range. Categorical
variables were summarized by frequency and percent. Continuous variables were compared between groups
using Mann-Whitney U test. Categorical variables were compared between groups by the Fisher’s exact test
or chi-square test. Spearman’s rank correlation was used to evaluate the correlation between EL and con-
ventional metrics (brain natriuretic peptide, human atrial natriuretic peptide, and major echocardiographic
indices). Where data were missing, we excluded them from the analysis (supplementary material, Table S1).
All analyses were performed using GraphPad Prism software (Ver.7.00, GraphPad Software, San Diego, CA
USA). We defined p < 0.05 to indicate statistical significance.

3. Results

3.1 Participants

During the study period, 15 patients were assessed. There were seven and eight patients in the symptomatic
and asymptomatic groups, respectively. There were no statistical differences between the groups’ baseline
characteristics (Table 1). Details of the diagnosis and symptoms on admission were shown in supplementary
material, Table S2.

3.2 Energy loss and vortex pattern

The mean EL of one cardiac cycle was higher in the symptomatic (121 [96-184]) than in the asymptomatic
group (87 [80-103]) (p=0.040, Mann-Whitney test), whereas the diastolic diameter was higher in the asymp-
tomatic group (65 [59-78]) than in the symptomatic group (57 [51-57]) (p=0.040, Mann-Whitney test) (Fig.
5 and supplementary material, Table S3).

We did not detect any statistically significant correlation between the symptomatic and asymptomatic groups
in terms of the conventional and other echocardiographic data (Mann-Whitney test, Spearman’s rank cor-
relation) (Fig. 6 and supplementary material, Table S3).

3.3 Energy loss cut off value

We computed a receiver operating characteristic (ROC) curve for the ability of the mean of one cardiac cycle
EL to detect subjective symptoms. Our cutoff of the mean of one cardiac cycle EL value (95.5 mW/m) was
associated with an increased risk of subjective symptoms in patients with severe AR (Fig. 7 A). We also
computed a ROC curve for left ventricular end diastolic diameter (LVEDD) (Fig. 7 B). LVEDD >58 mm in
patients with chronic severe AR rarely complained about subjective symptoms in our cohort.

4. Discussion

Our research suggests that left ventricular EL in chronic AR is superior to other conventional echocardio-
graphic indices to explain pathophysiology. The main findings in the current study were as follows: (1) In
severe aortic regurgitation, EL may be used to evaluate subjective symptoms more accurately than other
conventional metrics; and (2) a left ventricular EL greater than 95.5 mW/m in the mid-esophageal long axis
view may be a useful diagnostic tool in symptomatic AR.

The novel point is that we investigated the relationship between EL and symptoms in patients with AR who
were all in need of surgery and found that a high EL indicated patients’ subjective symptoms. There were
no significant differences in conventional metrics except for LVEDD, which is a main parameter for surgical

3
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indication other than subjective symptoms1. Since all cases are diagnosed with severe AR, there was no
significant difference in preload between the two groups. The reason for EL difference is thought to be vortex
interaction between transmitral inflow and AR jet.

Transmitral inflow generates vortex rings which consists of stronger anterior component and weaker posterior
components (Fig 8 a)22-25. Vortex inside left ventricle, that occurs with transmitral flow known as vortex ring,
not only helps smooth mitral closure, but also is believed to support efficient flow ejection toward the outlet
with smooth flow turn inside left ventricle22,23. According to the previous imaging studies, intraventricular
vortex patterns have been known to strongly associated with cardiac performance, and notably, vortex
formation caused by transmitral flow plays an important role in diastolic function26-31.

By using VFM technology, vortex changes generated by the collision of AR jet and intramitral blood flow can
be visualized. Morisawa et al, reported paravalvular leakage (PVL) jet of aortic valve affects intraventricular
vortex formation, and the jet direction also affects intraventricular vortex formation and vortex interaction
between the transmitral flow and PVL jet26. When the AR jet collided with the transmitral flow and
merging, the patient would be less symptomatic (Fig 8 b, d). In symptomatic patients, the AR jet would
interfere the consistence of left ventricular vortex ring, causing higher EL than that noted in asymptomatic
condition (Fig 8 c). A more detailed investigation about the disturbance of left ventricular vortex by AR jet
and its association with EL elevation warrant further study.

Our research finding that asymptomatic patients’ diastolic diameter was higher than that in symptomatic
patients reflects the fact that many asymptomatic patients underwent surgery for AR because of left ven-
tricular enlargement. Our ROC analysis revealed that the larger the left ventricle, the less the patient
complains of symptoms, if properly treated (Fig.7 B). Because they had no symptoms, the objective in-
dications for surgery were limited; in the asymptomatic patient, progressive left ventricular dilatation and
adaptation results from AR volume overload. Finally, such patients have poor cardiac function and poor
surgical outcomes32.

If we were to continue to monitor patients by using left ventricular EL, it would be easier to define the
indications for surgery. Therefore, we defined a threshold value in patients with symptomatic AR. This is
higher than the normal patient reference value6. When inefficient, unphysiological flow occurs in the left
ventricle, the EL rises and the heart tries to compensate. However, if the heart fails to compensate, heart
failure ensues; if severe, EL may decrease owing to insufficient left ventricular energy generation4. We,
therefore, consider it necessary to evaluate patients’ EL continuously.

Qualification of patient workload can be a good tool for treatment decision making. More large, prospective,
randomized studies are needed to clarify the relationship between the progression of disease and EL. In the
future, we should identify whether the AR jet causes heart failure and whether the patient has a surgical
indication based on the intracardiac blood flow dynamics and EL change. The authors believe that this
research demonstrates the therapeutic impact of monitoring left ventricular EL in AR.

There are several limitations to this study. First, our study is limited in that it was a retrospective, nonran-
domized study assessing a relatively small cohort. It takes time to investigate whether EL really has a useful
role in prognosis prediction. Further studies assessing a large population cohort are required to validate our
findings. Second, as we primarily analyzed two-dimensional images, with software that assumed 2D flow,
actual regurgitation jet is complex 3D flow, and a three-dimensional evaluation is needed to ensure accurate
assessment of the severity of AR13,17. Three-dimensional VFM is currently unavailable. A more advanced
software that can overcome this limitation needs to be developed. Third, these data were analyzed by TEE
and were from patients who were under general anesthesia. TEE provide superior visualization of the left
ventricle without the intervening lung and bone compared with TTE. There is modest agreement in AR
assessment between TTE and intraoperative TEE33. However, there is limited information on the difference
between TEE and TTE in terms of left ventricular EL analysis. Since TTE is also important in clinical
practice, it is necessary to analyze TTE data in the future. Fourth, all patients in this research were already
considered suitable to undergo surgery; we should also analyze patients who are not.

4
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Conclusion

In summary, EL calculated by VFM can quantify patients’ subjective symptoms more accurately than other
conventional metrics in chronic AR. VFM can visualize the interference of the AR jet with intra-mitral
flow and alteration of the intraventricular vortex direction, which increase the cardiac workload. Large
prospective studies are necessary to further assess the utility of this technique for patients with AR.
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Fig 1. Study flow chart.

* We enrolled patients who was diagnosed heart failure caused by acute severe AR and underwent emergent
surgery to obtain left ventricular vortex information.

Fig 2. Visualization of blood flow by vector flow mapping.

Intraventricular vector flow mapping in the patient at the stages NYHA I (Asymptomatic), II-IV (Symp-
tomatic), and post AVR. E) Early diastole phase. L) Late diastole phase. Abbreviations: Ao, Aorta, LA,
left atrium.

Fig 3. Visualization of blood flow energy loss and blood flow by vector flow mapping.

These figures show EL. Brightness indicates high energy loss. The AR jet collides with mitral inflow, which
causes left ventricular vortex turbulence and high dissipative EL. A) Asymptomatic case (NYHA I), B)
Symptomatic case (NYHA III). Abbreviations: Early diastole, The early phase of the diastolic period;
Systolic, Systolic phase; IVCT, The isovolumic contraction phase; IVRT, The isovolumic relaxation phase;
Late diastole, The late phase of the diastolic period.

Fig 4. The graph shows an example of intraventricular flow energy loss distribution during
one cardiac cycle.

The blue curve represents the asymptomatic case (NYHA I) and red represents the symptomatic case (NYHA
III). Abbreviations: MC, mitral valve closing; MO, mitral valve opening.

Fig 5. Main findings of this study.

Black dots represent symptomatic patients, whereas white dots represent asymptomatic patients. The mean
energy loss of one cardiac cycle is higher in the symptomatic group than in the asymptomatic group (p=0.040)
(A). The diastolic diameter is higher in the asymptomatic group than in the symptomatic group (p=0.040)
(B). mEL: mean energy loss in one cardiac cycle.

Fig 6. Correlations between mean energy loss in one cardiac cycle and other parameters.

There are no statistical correlations between the mean energy loss in one cardiac cycle and other parameters.
a) mEL and brain natriuretic peptide (BNP). b) mEL and human atrial natriuretic peptide (hANP). c) mEL
and left ventricular ejection fraction (LVEF). d) mEL and LVEDD. e) mEL and left ventricular end-systolic
diameter (LVESD). f) mEL and regurgitation volume (RV). g) mEL and pressure half time (PHT). h) mEL
and effective regurgitant orifice (ERO). i) mEL and Vena Contracta (VC).

Fig 7 A and B. Receiver operating characteristic curve for revealing association between mEL,
LVEDD, and patient subjective symptoms.

Our cutoff value (mEL = 95.5 mW/m, LVEDD = 58mm) is that value which corresponds to a point on the
receiver operating characteristic curve nearest to the upper corner of the graph. Abbreviations: AUC, area
under curve.

Fig 8. Schematics of LV vortex interaction in diastole.
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a) Intramitral flow organized itself in a circulatory pattern that redirects the flow to the aorta. b) The AR jet
collided with the transmitral flow and merging. c)The AR jet inhibits the formation of optimal left ventricular
vortex. d) The LV cavity is enlarged, and AR jet and transmitral flow are merging. Abbreviations: LA, left
atrium; Ao, aorta; LV, left ventricle.

Table 1. Patients’ characteristics

Asymptomatic group
(n=8)

Symptomatic group
(n=7) P value

Age (years) 48 [39 to 74] 65 [54 to 68] 0.694
Sex (female) 1 (12.5) 2 (28.5) 0.569
Height (cm) 174 [169 to 180] 165 [158 to 172] 0.198
Weight (kg) 70 [65 to 78] 62 [51 to 70] 0.219
Body surface area (m2) 1.9 [1.8 to 2.0] 1.7 [1.5 to 1.9] 0.179
Past medical history
Hypertension 1 (12.5) 4 (57.1) 0.067
Chronic kidney disease 0 (0) 1 (14.3) 0.269
Dyslipidemia 0 (0) 1 (14.3) 0.269
Paroxysmal atrial
fibrillation

1 (12.5) 0 (0) 0.333

Post heart failure 4 (50) 1 (14.3) 0.282
Bicuspid valve 4 (50) 1 (14.3) 0.282
NYHA class <0.001*
I 8 (100) 0 (0)
II 0 (0) 6 (85.7)
III 0 (0) 1 (14.3)
Other valvular disease 0.239
mild PR 0 (0) 1 (14.3)
mild TR, mild PR 1 (12.5) 1 (14.3)
mild TR, mild MR 1 (12.5) 4 (57.1)
mild PR, mild MR 1 (12.5) 0 (0)
mild TR, mild PR,
mild MR

3 (37.5) 1 (14.3)

Baseline characteristics of patients. Data are presented as n (%) or median [IQR]. The characteristics of
patients did not show any significant intergroup difference. Abbreviations: MR, mitral regurgitation; NYHA,
New York Heart Association; PR, pulmonary regurgitation; TR, tricuspid regurgitation.
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Between June 2015 and Octorber2018 
22 patients

Patients with aortic regurgitation 
who underwent aortic valve surgery 

in Kyoto Prefectural University of Medicine Hospital.

  2 patients : MR of moderate or higher grade

  1 patient  : Coronary syndrome ,  1 patient  : Mental retardation

  1 patient  : Mild AR,   1 patient  : Emergent surgery*

  1 patient  : Adult congenital surgery

Study population
15 patients

Asymptomatic patients Symptomatic patients
8 patients 7 patients

Hosted file

Fig 2 AR.pdf available at https://authorea.com/users/352647/articles/476804-preoperative-

left-ventricular-energy-loss-in-the-operating-theater-reflects-subjective-symptoms-in-

chronic-aortic-regurgitation

Hosted file

Figure 3.pdf available at https://authorea.com/users/352647/articles/476804-preoperative-

left-ventricular-energy-loss-in-the-operating-theater-reflects-subjective-symptoms-in-

chronic-aortic-regurgitation
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