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Blood flow kinetic energy is a
novel marker for right ventricular
global systolic function in patients
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Objectives: Right ventricular (RV) failure remains a major concern in heart failure (HF)
patients undergoing left ventricular assist device (LVAD) implantation. We aimed to
measure the kinetic energy of blood in the RV outflow tract (KE-RVOT) – a new
marker of RV global systolic function. We also aimed to assess the relationship of KE-
RVOT to other echocardiographic parameters in all subjects and assess the
relationship of KE-RVOT to hemodynamic parameters of RV performance in HF patients.
Methods: Fifty-one subjects were prospectively enrolled into 4 groups (healthy
controls, NYHA Class II, NYHA Class IV, LVAD patients) as follows: 11 healthy
controls, 32 HF patients (8 NYHA Class II and 24 Class IV), and 8 patients with
preexisting LVADs. The 24 Class IV HF patients included 21 pre-LVAD and 3 pre-
transplant patients. Echocardiographic parameters of RV function (TAPSE, St’, Et’,
IVA, MPI) and RV outflow color-Doppler images were recorded in all patients.
Invasive hemodynamic parameters of RV function were collected in all Class IV HF
patients. KE-RVOT was derived from color-Doppler imaging using a vector flow
mapping proprietary software. Kruskal-Wallis test was performed for comparison of
KE-RVOT in each group. Correlation between KE-RVOT and echocardiographic/
hemodynamic parameters was assessed by linear regression analysis. Receiver
operating characteristic curves for the ability of KE-RVOT to predict early phase RV
failure were generated.
Results: KE-RVOT (median± IQR) was higher in healthy controls (55.10 [39.70 to
76.43] mW/m) than in the Class II HF group (22.23 [15.41 to 35.58] mW/m, p <
0.005). KE-RVOT was further reduced in the Class IV HF group (9.02 [5.33 to
11.94] mW/m, p < 0.05). KE-RVOT was lower in the LVAD group (25.03 [9.88 to
38.98] mW/m) than the healthy controls group (p < 0.005). KE-RVOT had
significant correlation with all echocardiographic parameters and no correlation
with invasive hemodynamic parameters. RV failure occurred in 12 patients who
underwent LVAD implantation in the Class IV HF group (1 patient was not eligible
due to death immediately after the LVAD implantation). KE-RVOT cut-off value for
prediction of RV failure was 9.15 mW/m (sensitivity: 0.67, specificity: 0.75, AUC: 0.66).
01 frontiersin.org

http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2023.1093576&domain=pdf&date_stamp=2020-03-12
https://doi.org/10.3389/fcvm.2023.1093576
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1093576/full
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1093576/full
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1093576/full
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1093576/full
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1093576/full
https://www.frontiersin.org/journals/cardiovascular-medicine
https://doi.org/10.3389/fcvm.2023.1093576
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Akiyama et al. 10.3389/fcvm.2023.1093576

Frontiers in Cardiovascular Medicine
Conclusions: KE-RVOT, a novel noninvasive measure of RV function, strongly correlates with
well-established echocardiographic markers of RV performance. KE-RVOT is the energy
generated by RV wall contraction. Therefore, KE-RVOT may reflect global RV function. The
utility of KE-RVOT in prediction of RV failure post LVAD implantation requires further study.

KEYWORDS

right ventricular failure, left ventricular assist device, vector flow mapping, kinetic energy,

echocardiography
Introduction

The increasing number of patients with advanced heart failure

has resulted in longer waiting times and increased mortality for

patients listed for heart transplantation (1, 2). Due to the limited

number of available organs, left ventricular assist device (LVAD)

implantation has been used as an effective alternative to heart

transplantation (3, 4). LVAD therapy improves outcomes in

patients with advanced heart failure, especially after the

introduction of continuous-flow LVAD technology in 2008 (5, 6).

Although LVAD support improves exercise tolerance and reduces

end-organ dysfunction, right ventricular failure (RVF) post-

LVAD implantation continues to be a major cause of poor post-

operative outcomes. The incidence of RVF is reported to be

between 10% and 40% and is associated with increased mortality,

morbidity, and hospital length of stay (7–9). Additional RVAD

support is required in a proportion of patients with post-LVAD

RVF. However, emergent conversion of LVAD support to

biventricular mechanical circulatory support results in worse

outcomes compared to elective establishment of biventricular

mechanical circulatory support (10, 11). As a result, various

models that utilize hemodynamic and echocardiographic

parameters to predict post-LVAD RVF preoperatively, have been

proposed (7, 12–24). No single prediction tool has gained

universal support.

The kinetic energy of blood in the RV outflow tract (KE-

RVOT)—a new marker of RV global systolic function—is a

dynamic pressure that reflects the energy generated by the entire

RV. We aimed to assess the relationship between KE-RVOT and

well-established echocardiographic and hemodynamic parameters

of RV performance. We also aimed to investigate whether

KE-RVOT predicts RV failure post-LVAD implantation.
Methods

Patient population

This prospective study was approved by the institutional

review board of our institution, and written informed consent

was obtained from all participants. Healthy volunteers,

outpatients with heart failure (NYHA Class II) or with an

LVAD already implanted, and inpatients with heart failure

(NYHA Class IV) were enrolled between November 2017 and

March 2019.
02
Echocardiographic and hemodynamic
parameters

Echocardiographic parameters of RV function - tricuspid

annular plane systolic excursion (TAPSE), St’, Et’, isovolumic

acceleration (IVA), myocardial performance index (MPI)) - were

assessed in accordance with published guidelines (25).

Parasternal RV outflow views with color Doppler were recorded

using transthoracic echocardiography (TTE) on all subjects (25).

MPI was assessed using the tissue Doppler method, not the

pulsed wave Doppler method. KE-RVOT was derived from the

color Doppler parasternal RV outflow image using iTECHO®

(Cardio Flow Design, Tokyo, Japan), a vector flow mapping

(VFM) software. Invasive hemodynamic parameters of RV

function - central venous pressure (CVP), pulmonary capillary

wedge pressure (PCWP), systolic pulmonary artery pressure

(sysPAP), diastolic pulmonary artery pressure (diaPAP), mean

pulmonary artery pressure (mPAP), RV stroke volume - were

collected during right heart catheterization in the patients with

NYHA Class IV heart failure. RV stroke work index (RVSWi)

and pulmonary artery pulsatility index (PAPi) were calculated

from invasive hemodynamic parameters (16, 26). RVSWi was

calculated as: [(mPAP – CVP) × RV stroke volume index ×

0.0136] mmHg・liter/m2. PAPi was calculated as: [(sysPAP–

diaPAP)/CVP]. RV failure risk score (RVFRS) was also assessed

in the patients with NYHA Class IV heart failure (12). Among

the subjects with NYHA Class IV HF, those who underwent

LVAD implantation were followed and assessed for RVF. Post-

LVAD RVF was defined as the need for intravenous inotropic

support for >14 days, inhaled nitric oxide for ≧48 h, right-sided
circulatory support (extracorporeal membrane oxygenation or

right ventricular assist device), or hospital discharge with an

intravenous inotropic medication. The decision to utilize these

interventions was made by the treating physician and was based

on clinical signs of RV dysfunction.
Image acquisition and determination
of KE-RVOT

Echocardiographic parameters were assessed, and color Doppler

images were stored using a standard diagnostic ultrasound system,

Vivid E95 (GE Healthcare, Chicago, USA). To calculate KE-

RVOT, color Doppler images were processed using the VFM

software. Digitized two-dimensional color Doppler cine-loop

images were obtained in the parasternal RV outflow view. Images
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were stored with the VFM configuration, the region of interest was

maximized, and the Nyquist limit was set to mitigate aliasing. The

ultrasound frequency was 3 MHz, with a frame rate of 30–40

using an M5Sc-D probe. The stored cine-loop images were

transferred to EchoPAC® (GE Healthcare, Chicago, USA) and

converted into HDF-5 files. The HDF-5 files were imported into

the VFM software and analyzed. One cardiac cycle was selected

for analysis by using two consecutive QRS complexes from the

electrocardiogram as the beginning and end points. The right

ventricular cavity-endocardial border and pulmonary artery wall

were manually traced on the initial frame, and two-dimensional

wall tracking was applied to detect wall motion (Figure 1). If the

aliasing phenomenon was observed in the cine-loop images, the

aliased pixels were manually corrected. Kinetic energy values were

calculated from the vectors passing through RVOT over one

cardiac cycle and averaged over three cardiac cycles.
Principles of vector flow mapping

Velocity vectors of intraventricular blood flow are visualized by

a two-dimensional continuity equation applied to color Doppler

echocardiography of blood flow and wall-tracking method of the

myocardium boundary, optical flow method (27–31). The

velocity vectors of each pixel that are calculated from both the
FIGURE 1

Color Doppler cine-loop image of the parasternal RV outflow view and its co
transferred to EchoPAC® (GE Healthcare, Chicago, USA) and converted into H
and analyzed. Kinetic energy can be calculated from the vectors passing thro

Frontiers in Cardiovascular Medicine 03
left-side and right-side boundaries are integrated by summation

of the vectors according to a weight function (28). The KE-

RVOT can be calculated according to the following equation:

KE ¼
ð 1
2
rv2 � vdL,

where ρ is the density of the blood (1,060 kg/m3), v is the velocity

vector of the blood flow, and dL is an minute increment of the

cross-sectional line (29).
Statistical analysis

Statistical analysis was performed using JMP software (version

12.0.1 for Macintosh, from SAS). Continuous variables are

represented as the median ± IQR. Kruskal-Wallis test was

performed for comparison of each group. Tukey Kramer test was

performed for further analysis if significant difference was

confirmed. Correlation between KE-RVOT and echocardiographic/

hemodynamic parameters was assessed by linear regression

analysis. Receiver operating characteristic curves for the ability of

the KE-RVOT, CVP/PCWP, RVSWi, PAPi, and RVFRS to predict

early post-LVAD RVF were generated. p values <0.05 were

considered to indicate significant differences.
rresponding Vector Flow Mapping image. The stored cine-loop image is
DF-5 files. The HDF-5 file is imported into the VFM software (iTECHO®)
ugh RVOT (red line) over one cardiac cycle.
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Results

Patient characteristics

51 subjects were prospectively enrolled and separated into 4

groups: 11 in the healthy control group (C), 8 in the NYHA

Class II group (II), 24 in the NYHA Class IV group (IV), and 8

with preexisting LVADs (LVAD). Among the 24 subjects in

group IV, 21 subjects subsequently underwent LVAD

implantation, and 3 subjects subsequently underwent orthotopic

heart transplantation. Patients’ clinical characteristics are shown

in Table 1. There were no significant differences in the baseline

characteristics between the different groups, except for LVEDD,

LVESD, LVEF. There were 10 INTERMACS 2 subjects and 14

INTERMACS 3 subjects in group IV (Table 2). In group IV, all

patients who subsequently underwent LVAD implantation

received a HM3 device. In the group with preexisting LVADs,

6 subjects had a HM II device and 2 subjects had a HM3 device

(Table 2).
Kinetic energy of the RVOT

KE-RVOT was significantly higher in group C (55.10 [39.70 to

76.43] mW/m) than in group II (22.23 [15.41 to 35.58] mW/m,
TABLE 1 Patients’ clinical characteristics.

Healthy
(n = 11)

NYHA II
(n = 8)

NYHA IV
(n = 24)

with
LVAD
(n = 8)

p-
value

Age 52.8 ± 9.2 58.1 ± 11.4 59.5 ± 12.9 60.1 ± 18.0 0.31

Gender (male) 9 (81.8%) 4 (50%) 4 (83.3%) 6 (75%) 0.27

Height (cm) 169.6 ± 5.1 168.9 ± 5.2 174.8 ± 6.6 170.1 ± 10.4 0.05

Weight (kg) 70.6 ± 8.7 93 ± 39.1 88.7 ± 19.1 92.6 ± 40.7 0.16

BMI (kg/m2) 24.5 ± 2.1 32.3 ± 11.6 29.0 ± 5.1 31.1 ± 10.5 0.08

BSA (m2) 1.81 ± 0.13 2.00 ± 0.39 2.04 ± 0.23 2.02 ± 0.45 0.14

LVEDD (mm) 41.7 ± 5.4a 59.0 ± 9.1 63.6 ± 9.9 57.1 ± 9.4 <0.0001

LVESD (mm) 26.6 ± 3.7a 49.8 ± 8.9 56.0 ± 9.4 50.9 ± 11.9 <0.0001

LVEF (mm) 64.2 ± 3.5a 29.5 ± 8.1 19.3 ± 6.2 20.5 ± 5.3 <0.0001

Systolic BP
(mmHg)

123 ± 11 117 ± 23 111 ± 15 111 ± 20 0.15

Diastolic BP
(mmHg)

78 ± 8 71 ± 12 72 ± 12 82 ± 8 0.05

Etiology 0.96

Ischemic 2 7 2

Nonischemic 6 17 6

aLVEDD, LVESD, and LVEF were significantly different in the healthy controls group

compared to other groups.

TABLE 2 INTERMACS profile and LVAD device in the NYHA Class IV group
and preexisting LVAD group.

NYHA IV (n = 24) With LVAD (n = 8)
INTERMACS 1 0 N/A

INTERMACS 2 10 N/A

INTERMACS 3 14 N/A

HM II/HM3 0 / 21 6 / 2
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p < 0.005), group IV (9.02 [5.33 to 11.94] mW/m, p < 0.0001),

and the preexisting LVAD group (25.03 [9.88 to 38.98] mW/m,

p < 0.005) (Figure 2A). KE-RVOT in group IV was also

significantly lower than in group II (p < 0.05) (Figure 2A).
Echocardiographic parameters

The TAPSE values of were 22 [21 to 25], 14.8 [13 to 17.53], 12

[8.1 to 14.75], and 6.5 [5 to 9.5] in groups C, II, IV, and LVAD

respectively. There were significant differences between groups C

and II (p < 0.0005), groups C and IV (p < 0.0001), groups C and

LVAD (p < 0.0001), groups II and LVAD (p < 0.005), and groups

IV and LVAD (p < 0.05) (Figure 2B). The values of St’ were 11

[10 to 12], 9 [6.25 to 10], 6.5 [4 to 9], and 4 [2.25 to 5] in

groups C, II, IV, and LVAD respectively. There were significant

differences between groups C and IV (p < 0.0005), groups C and

LVAD (p < 0.0001), groups II and LVAD (p < 0.005), and groups

IV and LVAD (p < 0.05) (Figure 2C). The values of Et’ were 10

[9 to 11], 6.5 [5.25 to 7.75], 6 [5 to 8.75], and 4.5 [4 to 8.75], in

groups C, II, IV, and LVAD respectively. There were significant

differences between in groups C and II (p < 0.05), groups C and

IV (p < 0.01), and groups C and LVAD (p < 0.01) (Figure 2D).

The values of IVA were 1.93 [1.73 to 2.42], 1.42 [0.9 to 1.53],

1.42 [1.02 to 1.77], and 0.81 [0.62 to 1.53] in groups C, II, IV,

and LVAD respectively. There were significant differences

between groups C and II (p < 0.005), groups C and IV (p <

0.005), and groups C and LVAD (p < 0.0005) (Figure 2E). The

values of MPI were 0.28 [0.24 to 0.39], 0.6 [0.48 to 0.78], 0.67

[0.52 to 0.86], and 0.56 [0.49 to 0.67] in groups C, II, IV, and

LVAD respectively. There was a significant difference between

groups C and IV (p < 0.005) (Figure 2F).
Hemodynamic parameters

In the patients with NYHA Class IV HF, CVP/PCWP, RVSWi,

and PAPi were 0.39 [0.33 to 0.52], 6.68 [5.23 to 7.79], and 3.32

[2.22 to 5.89] respectively. As for RVFRS, 17 patients had score

0, 1 patient had score 2, 2 patients had score 2.5, and 1 patient

had score 4.5.
Correlation of KE-RVOT with other
parameters

KE-RVOT had significant correlation with all

echocardiographic parameters and no correlation with invasive

hemodynamic parameters (Table 3).
RV failure prediction

RV failure occurred in 12 patients among those who underwent

LVAD implantation (1 patient was not eligible due to mortality
frontiersin.org
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FIGURE 2

Box-and whisker plot compares KE-RVOT (A), TAPSE (B), St’ (C), Et’ (D), IVA (E), and MPI (F) values between each group.
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immediately after the LVAD implantation). The overall

performance for the prediction of RVF was greatest for KE-

RVOT (AUC KE-ROVT 0.66; CVP/PCWP 0.56; RVSWi 0.47;

PAPi 0.61; RVFRS 0.55) (Figure 3). Sensitivity and specificity

were optimal with a KE-RVOT cut-off 9.15 mW/m (sensitivity:

0.69, specificity: 0.75).
Frontiers in Cardiovascular Medicine 05
Discussion

Orthotopic heart transplantation is the most effective treatment

for end-stage heart failure (32). Due to the limited number of

donors, many potential recipients die before transplantation.

LVAD support has been utilized as an alternative destination
frontiersin.org
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TABLE 3 Correlation of KE-RVOT with echocardiographic parameters and
invasive hemodynamic parameters.

Parameters Correlation coefficient p value
TAPSE 0.59 <0.0001

St’ 0.36 <0.01

Et’ 0.37 <0.01

IVA 0.42 <0.005

MPI −0.43 <0.005

CVP/PCWP 0.78 0.12

RVSWi 0.77 0.07

PAPi 0.38 0.18

RVFRS −0.85 0.07

Akiyama et al. 10.3389/fcvm.2023.1093576
therapy for end-stage heart failure patients. However, RVF is a

significant and frequent complication in the postoperative period

after LVAD implantation, and its prediction is still difficult. We

evaluated a novel parameter, KE-RVOT, using vector flow

mapping, as a potential marker for RVF in heart failure patients.

This study demonstrates that KE-RVOT can be used as an

indicator of RV function and may be useful as a predictor of

post-LVAD RVF. KE-RVOT was significantly lower in the heart

failure groups and the preexisting LVAD group compared with

healthy controls. The significant reduction in KE-RVOT in the

preexisting LVAD group compared to healthy controls may be

due to a reduction in RV pulsatility in the preexisting LVAD

group. Reduced pulsatility decreases the peak velocity of flow and
FIGURE 3

Receiver operating characteristic (ROC) curves and area under the curve (A
prediction of RVF in the group IV patients undergoing LVAD implantation.
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reduces kinetic energy. There was a non-significant increase in

KE-RVOT in the preexisting LVAD group compared to groups II

and IV, which is likely due a higher cardiac output in patients

with preexisting LVADs. KE-RVOT in group IV was significantly

lower than in group II. The overall findings indicate that KE-

RVOT may reflect RV function.

Although there was significant correlation between KE-RVOT

and traditional echocardiographic parameters such as TAPSE, St’,

IVA, and MPI, KE-RVOT is distinct from traditional

echocardiographic parameters. Traditional echocardiographic

parameters typically assess regional function. The RV is an

anatomically complex three-dimensional structure. It is triangular

in shape in sagittal section and crescent-shaped in cross section.

Furthermore, RV shape and function are influenced by the

interventricular septum, which in turn is affected by ventricular

loading conditions. Therefore, it is difficult to assess global RV

function with traditional echocardiographic parameters.

In contrast, KE-RVOT assesses the flow energy that the entire

RV ejects into the RVOT, which reflects both global RV function

and pulmonary vascular resistance. KE-RVOT is the

hydrodynamic pressure generated by the whole RV pushing

blood against pulmonary vascular resistance. Han et al. evaluated

KE-RVOT in patients with pulmonary arterial hypertension

(WHO functional class I or II) and healthy subjects using 4D

flow MRI (33). They demonstrated that patients with pulmonary
UC) are shown for KE-RVOT, CVP/PCWP, RVSWi, PAPi, and RVFRS for
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arterial hypertension had lower KE- RVOT than healthy subjects.

RV ejection fraction was lower in the patients with pulmonary

arterial hypertension than in the healthy subjects. The lower KE-

RVOT of the patients with pulmonary arterial hypertension was

thought to be due to both hypokinetic RV wall motion and high

pulmonary vascular resistance. Their study also indicated that

KE-RVOT reflects RV-PA coupling. Fredriksson et al.

investigated the difference in KE-RV between patients with mild

ischemic heart disease and healthy controls using 4D flow MRI

(34). Although there was no significant RV functional difference

between the patients with high left ventricular end diastolic

volume index and healthy subjects based on conventional MRI

and echocardiographic indices, KE-RV was lower in the patients

with high left ventricular end diastolic volume index compared

to the patients with low left ventricular end diastolic volume

index and heathy subjects. They concluded that subtle

impairment of RV function can be detected by KE-RV. Finally,

Rao et al. underlined the importance of KE-RVOT because KE

forms a greater proportion of the total energy in the pulmonary

circuit when compared to the systemic circuit (the pressure in

the pulmonary artery is one-sixth of the pressure in the aorta,

but the KE is similar in magnitude in both vessels) (35).

KE-RVOT may also be a good predictor of RVF post-LVAD

implantation similar to other well-known predictors such as

CVP/PCWP, RVSWi, PAPi, RVFRS. Right to left ventricular

end-diastolic diameter ratio is another predictor of RVF before

isolated LVAD implantation, however we did not acquire the

specific images needed to accurately calculate this ratio in our

study (36). Elevated CVP and laboratory abnormalities related

with congestion, and reduced PAP are the preoperative

parameters that are associated with increased risk of RV failure

(7, 37–42). However, several studies have shown that

preoperative elevation of CVP does not reliably predict risk for

RVF (37–42). Although PAPi is well-known index for RV

function, we found that PAPi did not correlate with KE-RVOT.

This may be due to the fact that PAP and CVP (pressure

parameter) may be more susceptible to change depending on

patient’s condition than KE-RVOT (fluid dynamic parameter).

Additionally, KE-RVOT may be a better marker for RV-PA

coupling. In other hemodynamic parameters (CVP/PCWP,

RVSWi) as well, since they are calculated from pressure

information and volume information, they may be susceptible to

change depending on the situation. Therefore, these

hemodynamic parameters did not correlate with KE-RVOT.

Regarding RVFRS, because it is an index based on both

laboratory data and vasopressor requirement, it is likely that

there was no correlation with KE-RVOT. Notably, CVP/PCWP,

RVSWi, and PAPi are combined indices which require invasive

pulmonary artery catheter placement. In contrast, KE-RVOT

analysis can be done with only echocardiographic imaging.
Study limitations

The analysis of KE-RVOT requires adequate color Doppler

imaging of the parasternal RV outflow view with accurate
Frontiers in Cardiovascular Medicine 07
delineation of the RVOT. The sample size in this study was

limited. However, we were able to obtain adequate imaging in all

subjects in this study. Larger prospective studies are needed to

assess the usefulness of KE-RVOT as a marker for RV function

and predictor of post-LVAD RVF.
Conclusion

KE-RVOT is a novel noninvasive measure of RV function that

differentiate patients at various degree of heart failure patients, and

may carry prognostic implication for patients undergoing LVAD

implantation. KE-RVOT may reflect global RV function.

However, additional studies are required to further evaluate the

KE-RVOT and its clinical role.
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