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Abstract—Four-dimensional flow cardiac magnetic resonance (CMR) is the reference technique for analyzing
blood transport in the left ventricle (LV), but similar information can be obtained from ultrasound. We aimed to
validate ultrasound-derived transport in a head-to-head comparison against 4D flow CMR. In five patients and
two healthy volunteers, we obtained 2D + t and 3D + t (4D) flow fields in the LV using transthoracic echocardiog-
raphy and CMR, respectively. We compartmentalized intraventricular blood flow into four fractions of end-dia-
stolic volume: direct flow (DF), retained inflow (RI), delayed ejection flow (DEF) and residual volume (RV).
Using ultrasound we also computed the properties of LV filling waves (percentage of LV penetration and percent-
age of LV volume carried by E/A waves) to determine their relationships with CMR transport. Agreement
between both techniques for quantifying transport fractions was good for DF and RV (Ric [95% confidence inter-
val]: 0.82 [0.33, 0.97] and 0.85 [0.41, 0.97], respectively) and moderate for RI and DEF (Ric= 0.47 [�0.29, 0.88]
and 0.55 [�0.20, 0.90], respectively). Agreement between techniques to measure kinetic energy was variable. The
amount of blood carried by the E-wave correlated with DF and RV (R = 0.75 and R = 0.63, respectively). There-
fore, ultrasound is a suitable method for expanding the analysis of intraventricular flow transport in the clinical
setting. (E-mail: javier.bermejo@salud.madrid.org) © 2022 The Author(s). Published by Elsevier Inc. on
behalf of World Federation for Ultrasound in Medicine & Biology. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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INTRODUCTION

During diastole, flow inside the left ventricle (LV)

results from the interaction of entering blood with the

remaining pool of blood from previous cycles, the LV

walls and the mitral valve leaflets. These flow�flow and

flow�structure interactions cause 3-D swirling patterns

(Kilner et al. 2000) that save mechanical work and
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prevent blood stagnation (Pedrizzetti and Domenichini

2005; Seo and Mittal 2013; Martinez-

Legazpi et al. 2014). Cardiac conditions that cause

chamber remodeling and impaired myocardial function

disturb this physiological blood transit pattern within the

LV (Hong et al. 2008; Bermejo et al. 2014). In fact, dis-

turbed intraventricular blood transport is progressively

being recognized as both (i) a mechanism of impaired

cardiac homeostasis per se (Harfi et al. 2017) and (ii) a

potential imaging biomarker of abnormal heart function

(Eriksson et al. 2013; Svalbring et al. 2016; Benito

et al. 2019) .
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The topology of LV blood transit has been described

based on dynamic transport barriers between distinct blood

volumes. Direct flow (DF) designates the blood volume

entering and leaving the LV in a particular cycle, whereas

retained inflow (RI) designates the volume of blood that

enters the LV but does not exit it in the same cycle. Blood

leaving the LV that entered in previous cycles is known

as delayed ejection flow (DEF), whereas residual volume

(RV) designates blood entering the ventricle before the

previous cycle and remaining inside even after the follow-

ing cycle (Wigstrom et al. 1999). This compartmental LV

flow analysis (sometimes also designated as LV flow com-

ponent analysis) has been useful in assessing LV function

under stress (Sundin et al. 2020), detecting subclinical LV

dysfunction and predicting functional capacity in patients

with cardiomyopathy (Eriksson et al. 2013;

Stoll et al. 2019), and even aids optimization of cardiac

resynchronization therapy (Rossini et al. 2017). In addi-

tion, by allowing a comprehensive characterization of

flow component-specific routes and energetics in the heart,

the analysis of flow transport has yielded new insights into

crucial aspects of cardiac physiology (Bolger et al. 2007;

Eriksson et al. 2010; Fredriksson et al. 2011).

Blood transport in the LV is frequently assessed

undergoing a pathline analysis of time-resolved 3D intra-

cardiac blood velocity fields obtained by 4D flow CMR

(Kim et al. 1995; Wigstrom et al. 1999;

Bolger et al. 2007; Eriksson et al. 2010), although alter-

native processing methods have been suggested

(Rossini et al. 2017). However, the needed of expensive

CMR scanning and complex processing heavily limit the

widespread assessment of flow transport in the clinical

setting.

In the last decade, several methods for obtaining

time-resolved 2D (2D + t) flow velocity fields using ultra-

sound have been implemented and tested in different con-

ditions (Garcia et al. 2010; Uejima et al. 2010;

Sengupta et al. 2012; Bermejo et al. 2015), and novel

technologies are being developed (Assi et al. 2017;

Nyrnes et al. 2020). Doppler-based methods are often

referred to indistinctly as vector flow mapping (VFM) or

echocardiographic color Doppler velocimetry (echo-

CDV), whereas methods based on particle tracking can

be obtained with (Abe et al. 2013) and without (Nyrnes

et al. 2020) contrast agents. We have demonstrated that

transport maps can be efficiently calculated from velocity

fields obtained by ultrasound (Hendabadi et al. 2013;

Rossini et al. 2017). However, a formal validation of

ultrasound for quantifying blood transport in the LV is

lacking and is a necessary first step in exploiting the low-

cost and wide availability of echocardiography. Therefore,

the present study was designed as a head-to-head compar-

ison of blood transport metrics obtained by Doppler echo-

cardiography against the gold standard of 4D flow CMR.
Intermodality agreement studies of intracardiac flow

provides an adequate benchmark for the clinical applica-

tion of blood flow-based indices (Mutluer et al. 2021).

METHODS

Study design

We prospectively studied two healthy volunteers

and five patients with cardiomyopathies. Controls

were recruited in an open call in our institution to

health professionals and their relatives, based on

absence of known or suspected cardiovascular disease,

normal electrocardiographic and Doppler echocardio-

graphic examinations and no history of diabetes or

hypertension. Patients with ischemic and non-ischemic

dilated cardiomyopathy (IDCM and NIDCM, respec-

tively) were recruited as per other clinical studies

(NCT 03415789, 04649034 and 02917213). Due to

methodology constraints, inclusion criteria included

the absence of greater than trace aortic and/or mitral

regurgitation. The study protocol was approved by the

local institutional review board, and all participants

provided written informed consent. The study was per-

formed according to current recommendations of the

Declaration of Helsinki. All participants underwent a

4D-flow CMR and full transthoracic echocardiography

study within the same hospital visit, with a maximum

time between studies of 1 h. Data were analyzed anon-

ymously, fully blinded to the other technique.

Echocardiography

Comprehensive 2D echocardiographic examina-

tions were performed using a Vivid 7 scanner with 2- to

4-MHz transducers (GE Healthcare, Chicago, IL, USA).

Conventional B-mode and Doppler data were measured

following current recommendations (Lang et al. 2015).

The LV myocardial wall was segmented from LV

B-mode series using speckle-tracking software to delin-

eate the endocardium (EchoPac, version 214, GE Health-

care). The 2D + t flow field in the LV was calculated,

combining the color Doppler and the endocardial bound-

ary using echo-CDV (Garcia et al. 2010; Martinez-

Legazpi et al. 2014). Spectral pulsed-wave Doppler

tracings were obtained of the opening and closing of the

LV valves, and cycle event timings were forwarded to

the fluid dynamics solver.

Cardiac magnetic resonance

Cardiac magnetic resonance studies were per-

formed on 1.5-T scanner (Achieva, Philips Healthcare,

Eindhoven, Netherlands) equipped with a 16-channel

phased-array surface coil. LV studies consisted of a stack

of contiguous short-axis cine steady-state free-preces-

sion images from base to apex, followed by standard
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long-axis views. Typical parameters were SENSE £ 2, a

repetition time of 2.4 ms, an echo time of 1.2 ms, an

average in-plane reconstructed spatial resolution of

1.6 £ 2 mm, 30 phases per cycle and 8-mm slice thick-

ness. LV volumes and ejection fraction (EF) were mea-

sured using the Simpson method from cine short axis

views.

The 4D flow data were acquired using a sequence

with encoding bipolar gradients in all three velocity

directions and one encoding segment with no bipolar

gradients, which was used as a reference for absolute

velocities. Typical parameters were SENSE £ 2, a flip

angle of 15, an echo time of 3.3 ms, repetition time of

5.3 ms and an average spatial resolution of 3 £ 3 £ 3

mm3. Scan time was about 30 min. We used a retrospec-

tive respiratory navigator and reconstructed the flow

field immediately after the acquisition in 40 time frames

on the scanner. The acquisition protocol was optimized

to reduce background offset errors. An automatic correc-

tion of Maxwell/concomitant gradient terms was

employed. We used a velocity encoding (VENC) of

50�50�100 cm/s (right left�anterior posterior�foot

head) to avoid losing information from regions with low

velocities. A correction for phase-wrap artifacts was per-

formed using in-house software written in MATLAB

(R2019, The MathWorks, Natick, MA, USA). All imag-

ing data were further processed and measured as previ-

ously reported (Eriksson et al. 2010, 2011, 2013;

Dyverfeldt et al. 2015).

Blood transport mapping

For consistency with previously published studies

(Eriksson et al. 2010, Eriksson, et al. 2011;

Rossini et al. 2017), we replicated methodologies for the

characterization of blood transport and its separation as

DF, RI, DEF and RV. For ultrasound, we integrated an

advection equation with the purpose of mapping the con-

vection of a scalar, f,

@f

@t
þ r � ~v fð Þ ¼ 0 ð1Þ

where ~v is the velocity field obtained by echo-CVD

(Rossini et al. 2016, Rossini, et al 2017). Equation (1)

was integrated both forward and backward in time, allow-

ing for a straightforward categorization of blood transport

regions at end-diastole (ED). The blood fractions carried

by the E- and A-waves were obtained by implementing a

two-step inlet boundary condition (i.e., fðt1 < t< t2
Þ ¼ const, with t1 and t2 being the onset/end of each filling

wave) in eqn (1). These fractions were used to calculate

the maximum penetration (front location of each blood

wave along the normalized long axis of the LV), the E-

wave front speed (from mitral valve opening to A-onset)

and the relative size the blood carried by each wave
occupies in the LV at ED. Finally, we computed the kinetic

energy ratio of each transport region at ED, Kr ¼
KDF;RI ;DE;RF=KLV being K ¼ 1=2r

R R j~v j2dx dy and

assuming blood density r = 1060 kg/m3.

The method of processing 4-D flow CMR has been

described thoroughly (Eriksson et al. 2010, Eriksson,

et al. 2011). The LV myocardial wall was segmented to

delineate the endocardial boundary using Segment (ver-

sion 3.0 R7946, Medviso AB, Lund, Sweden) and

resampled to match the 4-D flow data resolution. From

each voxel of the end-diastolic volume (EDV), we traced

forward and backward pathlines in time up to end-sys-

tole. Pathlines were then separated into DF, RI, DE and

RV, and the kinetic energy ratio of each flow component

was calculated as Kr = r(Ѵj~vj2/2), where V is the vol-

ume of blood represented by each pathline and ~v its

velocity (Carlsson et al. 2012). An example of the meth-

odology for a healthy volunteer is illustrated in Figure 1.

We compared the ultrasound and CMR transport

regions in terms of their size, their kinetic energy ratios

and their relationships with the filling wave properties

measured by ultrasound. DF, RI, DE and RV sizes are

expressed as a fraction of EDV in 3D, and the equivalent

ED area in 2-D.
Statistical analysis

Data are expressed as the median [interquartile

range] except where otherwise indicated. The reproduc-

ibility of quantitative indices was analyzed using the

intraclass correlation coefficient (Ric), their 95% confi-

dence interval (CI) and Bland�Altman plots. We used

bivariate Pearson correlation analysis to assess the rela-

tionships between the main features (size and kinetic

energy) of each region with filling wave properties. All

analyses were performed in R (version 3.6, GNU Gen-

eral Public License) and p values <0.05 were considered

to indicate statistical significance.
RESULTS

The demographic and imaging data of the seven

enrolled participants are outlined in Tables 1 and 2.

Their median age was 47 y, ranging from 19 to 72 y, and

four were female. All participants were in sinus rhythm,

and their heart rate was similar during the ultrasound (78

[69�82] bpm) and CMR (72 [65�81] bpm) studies.

Their EDV, ejection fraction, stroke volume and cardiac

output measured by ultrasound covered a wide range of

values, representing several degrees of cardiac size and

function (EDV: 81 [77�114] mL, EF: 42%

[29%�53%], stroke volume: 41 [33�45] mL and car-

diac output: 3.6 [2.4�7.4] L/min). Their EDV was 159

[120�207] mL, end-systolic volume 76 [61�122] mL

and EF 51% [36%�54%] when measured by CMR. The



Fig. 1. An example of the different flow fields and transport maps obtained from ultrasound and CMR in the same partic-
ipant. (A) Color Doppler and Inflow profiles, from ultrasound, for calculating 2D + t flow field. (B, E) Flow fields at
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agreement between CMR and ultrasound for assessing

LV size and volumes was acceptable, with Ric values

ranging from 0.79 (95% CI: 0.24, 0.96) for EF to 0.20

(95% CI: �0.55, 0.79) for EDV.

The transmitral pulsed-wave Doppler spectrogram

revealed a broad spectrum of filling patterns, with an E-

wave velocity of 53 [47�84] cm/s and an A-wave veloc-

ity of 63 [51�65] cm/s. Consistent with this diversity,

there were a wide variety of fractions of blood entered

by the E-wave (20.7% [12.6%�29.9%], range:

11.1%�40.9%) and the A-wave (8.4% [6.1%�10.7%],

range: 4.1%�15.7%) and degree of penetration inside
Table 1. Clinical characteristic

Case 1 Case 2 Case 3 Case 4
Control Control NIDCM NIDC

Sex Female Female Female Femal
Age (y) 47 20 72 19
Weight (kg) 60 55 63 33
Height (cm) 158 158 160 149
DAP (mm Hg) 125 95 147 80
SAP (mm Hg) 80 76 77 60

DAP = diastolic arterial pressure; IDCM = ischemic dilated cardiomyopa
arterial pressure.

* Median [interquartile range].
the chamber (E-wave: 81.7% [69.2%�84.4%], A-wave:

30.1% [24.6%�46.5%]).

Blood transport metrics derived from ultrasound

and 4-D flow CMR are summarized in Table 3. Healthy

controls had larger DF fractions than diseased partici-

pants, and their blood pool at ED was evenly partitioned

among the four transport components. In contrast, dis-

eased participants had larger RVs without a significant

increase in either RI or DEF.

Agreement between techniques for quantifying

transport region sizes (Table 4 and Fig. 2) was satis-

factory for DF and RV blood pools—Ric= 0.82 (95%
s of the study population

Case 5 Case 6 Case 7 All cases
M IDCM IDCM IDCM

e Male Male Male
55 51 43 47 [32�53]*
59 72 73 60 [57�68]
175 185 173 160 [158�174]
140 105 120 120 [100�132]
80 69 80 77 [72�80]

thy; NIDCM = non-ischemic dilated cardiomyopathy; SAP = systolic



Table 2. Imaging indices

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 All cases*
Control Control NIDCM NIDCM IDCM IDCM IDCM

Echocardiography
Heart rate (bpm) 67 80 72 89 53 84 74 78 [69�82]
LV-EDV (mL) 76 56 160 79 97 81 130 81 [77�114]
LV-ESV (ml) 28 14 124 60 54 51 77 54 [40�68]
LVEF (%) 63 75 22 24 44 36 41 41 [30�54]
LVCO (L/min) 10.5 12.9 2.66 2.14 2.2 4.3 3.65 3.6 [2.4�7.5]
Stroke volume (mL) 48 41 36 19 43 29 53 41 [33�45]
Left atrial diameter (cm) 2.6 3.2 4.1 2.1 2.9 3.3 3.9 3.2 [2.7�3.6]
E-Wave velocity (cm/s) 80 95 48 47 56 39 89 56 [47�84]
A-Wave velocity (cm/s) 53 63 83 38 48 65 65 63 [51�65]
E/A ratio 1.5 1.5 0.6 1.3 1.3 0.6 1.4 1.3 [0.9�1.4]
E/e0 ratio 8.5 4.8 19.1 5.2 5.8 11.5 4.9 5.8 [4.9�10.7]
E deceleration time (ms) 257 202 227 116 190 138 57 190 [127�214]
Sphericity index (nd) 0.61 0.73 0.69 0.88 0.50 0.48 0.43 0.61 [0.48�0.73]
E-Wave volume at EDV (%) 41 37 11 12 21 13 23 21 [13�30]
A-Wave volume at EDV (%) 9 4 8 16 10 12 4 8 [6�11]
E-Wave penetration at EDV (%) 86 86 74 82 83 39 64 82 [69�84]
A-Wave penetration at EDV (%) 26 30 66 58 35 22 23 30 [25�47]
E-Wave propagation speed (cm/s) 69.2 89.5 20.1 28.6 35.1 5 28.5 28.6 [22.2�60.6]

Cardiac magnetic resonance
LV-EDV (mL) 116 124 246 108 159 168 255 159 [120�207]
LV-EDVi (mL/m2) 72 80 149 90 92 86 136 90 [80�136]
LV-ESV (mL) 40 55 188 68 76 82 162 76 [61�122]
LV-ESVi (mL/m2) 25 35 113 57 44 42 87 44 [33�87]
Left atrial volume (mL) 35 35 46 21 38 51 40 38 [25�44]
Left atrial volume index (mL/m2) 21 23 27 18 22 26 20 22 [20�25]
Stroke volume (mL) 76 69 58 40 83 86 93 76 [63�84]
LVEF (%) 66 56 24 37 52 51 36 51 [36�54]
LV mass (g) 62 43 113 39 84 140 152 84 [52�126]

EDV = end-diastolic volume; IDCM = ischemic dilated cardiomyopathy; LV-EDV = left ventricular end-diastolic volume; LV-ESV = left ventricu-
lar end-systolic volume; LV-EDVi = body surface-indexed LV-EDV; LV-ESVi = body surface-indexed LV-ESV; LVEF = left ventricular ejection
fraction; LVCO = left ventricular cardiac output; nd = non-dimensional; NIDCM = non-ischemic dilated cardiomyopathy.

* Median [interquartile range].

Table 3. Blood transport components using echocardiography and CMR

Group Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Median [IQR]
Control Control NIDCM NIDCM IDCM IDCM IDCM

Transport region size (US/4-D flow CMR)
Direct flow (%) 38/38 10/26 5/1 7/12 11/18 20/22 4/9 10 [6�15.5]/

18 [11�24]
Retained inflow (%) 11/14 31/22 14/12 21/23 19/20 5/20 23/22 19 [13�22]/

20 [17�22]
Delayed ejection flow (%) 24/14 36/26 10/14 26/20 21/18 8/12 23/12 23 [16�25]/

14 [13�19]
Residual volume (%) 26/34 23/26 71/73 46/44 49/44 67/46 50/57 49 [36�58]/

44 [39�51]
Kinetic energy ratio (US/4-D flow CMR)

Kr direct flow (%) 51/75 8/23 2/1 7/13 17/24 53/58 7/16 8 [7�34]/
23 [14.5�41]

Kr retained inflow (%) 5/13 33/25 11/45 17/47 19/42 10/29 17/41 17 [11�18]/
41 [27�44]

Kr delayed ejection flow (%) 38/9 40/39 7/14 26/21 41/13 25/7 48/23 38 [25�40]/
14 [11�22]

Kr residual volume (%) 6/4 18/14 80/40 50/20 22/20 13/6 28/20 22 [15�40]/
20 [10�20]

CMR = cardiac magnetic resonance; IDCM = ischemic dilated cardiomyopathy; Kr = kinetic energy ratio; NIDCM = non-ischemic dilated
cardiomyopathy.
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Table 4. Comparison of size and kinetic energy of blood flow
components assessed by echo and cardiac magnetic resonance

Absolute error Ric (95% CI)

Transport region size (%)
Direct flow �20 § 75 0.82 (0.33, 0.97)
Retained inflow �15 § 50 0.47 (�0.29, 0.88)
Delayed ejection flow 17 § 40 0.55 (�0.20, 0.90)
Residual volume 0 § 21 0.85 (0.41, 0.97)

Kinetic energy ratio (%)
Direct flow �36 § 54 0.88 (0.52, 0.98)
Retained inflow �76 § 48 0.49 (�0.31, 0.82)
Delayed ejection flow 52 § 70 0.04 (�0.64, 0.72)
Residual volume 48 § 28 0.55 (�0.19, 0.90)

CI = confidence interval; Ric = intraclass correlation coefficient.

US vs. 4-D Flow CMR for assessing LV blood transport � A. POSTIGO et al. 1827
CI: 0.33, 0.97) and 0.85 (95% CI: 0.41, 0.97), respec-

tively—and moderate for RI and DEF—Ric = 0.47

(95% CI: �0.29, 0.88) and 0.55 (95% CI: �0.20,

0.90). The agreement between techniques for quanti-

fying the kinetic energy ratio of the transport regions

was excellent for DF and fair for RV: Ric= 0.88

(95% CI: 0.52, 0.98) and 0.55 (95% CI: �0.19, 0.90).

Conversely, the agreement was modest for RI

(Ric = 0.49, 95% CI: �0.31, 0.82) and DEF
Fig. 2. Bland�Altman agreement plots for measurements of
residual volume relative size obtained from ultrasound and CM
low-high dashed lines represent 95% confidence intervals
IDCM, NIDCM and CONTROL. CMR = cardiac magnetic

NIDCM = non-ischemic dil
(Ric = 0.04, 95% CI: �0.64, 0.72) regions (Table 4

and Fig. 3).

Direct flow by CMR directly correlated with the

amount of blood carried by the E-wave (R = 0.75,

p = 0.03) but not with its maximum velocity (R = 0.37,

p = 0.4) nor with its degree of penetration (R = 0.19,

p = 0.6) or its front speed (R = 0.60, p = 0.1). The DF

kinetic energy ratio was not related to any of the filling

wave properties measured by ultrasound. The residual

volume by CMR was nearly statistically significantly cor-

related with the amount of blood carried by the E-wave

(R = 0.63, p = 0.06, Fig. 4), but was related neither to its

velocity (R = 0.44, p = 0.3) nor to its degree of penetra-

tion (R = 0.33, p = 0.4). On the other hand, the kinetic

energy ratio of the RV was significantly linked to the

degree of penetration of the A-wave (R = 0.74, p = 0.03,

Fig. 4).
DISCUSSION

As far as we know, this is the first study comparing

ultrasound and CMR for characterizing the topology of

blood transport inside the human LV. By analyzing a

small number of participants with different ventricular
direct flow, retained inflow, delayed ejection flow and
R. The center dashed line represents the mean bias, the
of the differences. Shape accounts for each group:
resonance; IDCM = ischemic dilated cardiomyopathy;
ated cardiomyopathy.



Fig. 3. Bland�Altman agreement plots for kinetic energy ratios of direct flow, retained inflow, delayed ejection flow and
residual volume. The center dashed line represents the mean bias, and the low�high dashed lines represent 95% confi-
dence intervals of the differences. Shape accounts for each group: NIDCM, IDCM and CONTROL. CMR = cardiac mag-

netic resonance; IDCM = ischemic dilated cardiomyopathy; NIDCM = non-ischemic dilated cardiomyopathy.
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geometries, we show these two techniques produce simi-

lar quantifications of intraventricular blood transit.

Flow inside the heart is unsteady and 3D and

depends on multiple factors such as age, chamber func-

tion and geometry, mitral valve morphology, heart rate

or preload and afterload (Kim et al. 1995;

Bermejo et al. 2014; Elbaz et al. 2014; Benito

et al. 2019). Despite the 3D nature of LV flow, echocar-

diography can capture relevant features in a wide range

of cardiac conditions using modalities such as 0-D

pulsed-wave Doppler, 1D color M-mode

(Bermejo et al. 2001), 2D and 3D color Doppler

(De Simone et al. 1999), blood speckle tracking

(Nyrnes et al. 2020), echo particle image velocimetry

(echo-PIV) (Abe et al. 2013) and 2D vector flow map-

ping (Sengupta et al. 2012; Rodriguez Munoz

et al. 2013; Bermejo et al. 2014; Martinez-

Legazpi et al. 2014). In particular, the time-evolving LV

flow patterns from 2D vector flow mapping compare

well against 3D numerical simulations and experiments

(Uejima et al. 2010; Asami et al. 2017) and provide

quantifications of intricate flow features such as diastolic

vortices in reasonable agreement with 2D CMR flow

data (Bermejo et al. 2014). However, although some
works characterizing transport topology from 4D flow

data and from 2D vector flow mapping have been carried

out, a comparison between the two methods has never

been assessed (Mutluer et al. 2021).

The combination of the unsteady nature of car-

diac flow and the chiral geometry of the ventricular

chamber results in complex 3D fluid transport and

mixing processes, whose impact on cardiovascular

physiology and disease remains relatively unexplored.

Analysis of the relative volume of transport compart-

ments and their kinetic energy can be used to assess

the efficiency of flow arrangement to couple filling

and ejection processes.

Direct flow and RV properties, the key compo-

nents of LV transport topology, as they are surrogated

indices of pumping efficiency and rate of blood renewal

(Fredriksson et al. 2011; Hendabadi et al. 2013;

Schafer et al. 2020), exhibited good agreement between

ultrasound and CMR. However, agreement was worse

for DEF regions as well as their kinetic energy ratios.

Unlike DF or RV, which are tightly related to the E-

wave (and, thus, are aligned with the principal compo-

nent of blood velocity in the apical long-axis view), RI

and DEF are consequences of the dynamic interaction



Fig. 4. Relationship between the residual volume properties
obtained from CMR and the filling wave properties assessed by
ultrasound. (A) Residual volume size versus volume entered
by the E-wave. (B) Residual volume kinetic energy ratio versus
A-wave propagation inside the left ventricle. Shape accounts
for each group: NIDCM, IDCM and CONTROL. Data are
bounded by an ellipse accounting for the 95% confidence level
for a bivariate t-distribution. IDCM = ischemic dilated cardio-
myopathy; NIDCM = non-ischemic dilated cardiomyopathy.
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between the diastolic vortex ring and the blood pool

inside the LV. Therefore, although the intersection of

the imaging plane is enough to capture vortex proper-

ties, as reported in head-to-head comparisons between

ultrasound and CMR (Bermejo et al. 2014;

Faurie et al. 2017), additional transport mechanisms

may not be completely captured by imaging only the

long-axis view. The fact that LV vortex flow develops

mainly at mid- and late diastolic phases (Martinez-

Legazpi et al. 2014) may account for the greater inac-

curacies observed for RI and DEF fractions.
Clinical applications of blood transport assessment

Among the potential applications of intraventricular

blood transit, the possibility of obtaining metrics of blood

stagnation is particularly promising (Mangual et al. 2012;

Bermejo et al. 2015; Martinez-Legazpi et al. 2018; Benito

et al. 2019). Current methods for identifying patients at
risk of cardioembolic stroke are based on demographic

and clinical parameters such as age, sex, hypertension and

co-existent atrial fibrillation. However, these criteria are

relatively broad and, consequently, unspecific. Hence, a

personalized and improved assessment of cardioembolic

risk remains a major unmet clinical need.

By definition, RV accounts for the pool of blood

that will not exit, and has not entered, the LV in the

examined cycle. Thus, the RV region must have a blood

residence time of at least 2 cycles. The residence time is

an index that quantifies the time a blood particle spends

inside a particular cardiac chamber

(Hendabadi et al. 2013). In pilot studies we have

reported that thresholding LV blood pool at EDV to

those regions with residence time over 2 cycles predicts

the risk of mural thrombosis and the incidence of high-

intensity transient signals detected by carotid Doppler

ultrasound after an acute myocardial infarction (Marti-

nez-Legazpi et al. 2018; Delgado-Montero et al. 2020).

From the RV agreement results described in the present

study, it follows that a similar quantification of residence

time, at least using short temporal windows, could be

obtained using either imaging modality. However, as

blood renewal may take more than 6 or 7 cycles (Benito

et al. 2019), alternative approaches to pathline analysis,

given the limited data quality of any acquisition, are

required (Mangual et al. 2012; Rossini et al. 2016).

Our work indicates that the size and kinetic energy

of the RV are related to the degree of apical propagation

of filling waves, which in turn depends on diastolic func-

tion (Stewart et al. 2011). This finding agrees with the

observation that reduced apical propagation of the

E-wave impairs blood wash-out near the apex and is

associated with LV thrombus formation in patients with

myocardial infarction (Harfi et al. 2017;

Duus et al. 2021). The reported relationship between a

restrictive filling pattern and silent brain infarcts in

patients with non-ischemic dilated cardiomyopathy sug-

gests a similar association (Kozdag et al. 2006). Our

results demonstrating the accuracy of ultrasound-

derived RV quantification support exploiting echocardi-

ography to investigate the relationships between dia-

stolic disfunction, filling waves and intraventricular

stasis.

In addition to cardioembolism, prognosis of patients

with different cardiac diseases has been reported to be

related to the kinetic energy of DF (Stoll et al. 2019).

Our study validates using ultrasound to extend these and

other analyses to broader clinical population.

Limitations

In general, both ultrasound and 4D flow CMR have

intrinsic limitations in characterizing intraventricular

flow fields. Factors such as the VENC or Nyquist limits,
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voxel/sample volume size, flow reconstruction methods

and temporal/spatial resolution may have an impact on

flow measurements and must always be tuned with cau-

tion, depending to the targeted application. 4D flow

acquisition entails inherent noise-related uncertainties

and background phase offset, depending not only on the

acquisition settings but also on the CMR scanner

(Gatehouse et al. 2010). Moreover, the discrepancies

found in the blood transit between CMR and echo-CDV

may also be related to the different temporal and spatial

resolutions of both techniques. For instance, flow

obtained using 4D flow CMR accounts for averaged data

acquired during several minutes. Patient displacements

or chest movement differences in the acquisition (free

breathing vs. apnea) may also induce differences

between methods. When assessed by

4D�flow CMR, RI and DEF usually have similar values

(Eriksson et al. 2010). However, in cases 6 and 7 of our

study, there was a large difference. This may be caused

by some amount of aliasing, which was not fully cor-

rected near the aortic valve.

The intraventricular flow obtained by echo-CDV

relies on the assumption that flux perpendicular to the

acquisition plane is negligible (Thompson and McVeigh

2003). This hypothesis is valid only when imaging the

LV using the long-axis views, given the partial revolu-

tion symmetry of the chamber, and cannot be extrapo-

lated to other locations of the heart or imaging planes.

To obtain accurate 2D blood flow using ultrasound in

other scenarios that do not fulfill the planar flow assump-

tion, more sophisticated techniques such as echo-PIV

must be used (Abe et al. 2013).

Some of the differences between CMR and ultra-

sound reported in this work may come from the different

post-processing algorithms although, in theory, the trans-

port equation is equivalent to tracking the motion of fluid

particles. We designed this study not to decipher the

sources of discrepancy but instead to compare the two

post-processing pipelines as there are a lack of studies

assessing flow-derived indices from different techniques

in the exact same participants.

We included a small number of cases in our study.

However, our patient group was diverse enough to illus-

trate how LV function or size may affect the different

assessment of intraventricular flow transport. Also,

although all patients were in stable condition and a short

time elapsed between echo and CMR acquisitions,

potential changes in filling pressures may have been

responsible for an unconsidered source of variability.

Concomitant valve disease may have an impact on intra-

ventricular flow transport, but we did not analyze

patients with mitral or aortic regurgitation. Thus, further

implementations and formal validation studies are

therefore required in these scenarios.
CONCLUSIONS

Transthoracic echocardiography combined with

appropriate post-processing techniques may be well

suited to capture the main features of intraventricular

blood transport. Although obtained in a small sample of

participants, ultrasound-based methods for assessing

intraventricular blood transport compare well against

phase-contrast 4D flow CMR and therefore may be use-

ful to expand the analysis of flow homeostasis in the

clinical setting.
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