Article published online: 2021-11-17

& Thieme

Transthoracic Vector Flow Imaging in Pediatric Patients with
Valvular Stenosis — A Proof of Concept Study

SJOICIC,

Authors

Tin-Quoc Nguyen: 2, Thor Bechsgaard3?*, Michael Rahbek Schmidt4, Klaus Juul®>, Ramin Moshavegh®, Lars L6nn"- 2,
Michael Bachmann Nielsen'- 2™, Jargen Arendt Jensen’, Kristoffer Lindskov Hansen': 2

Affiliations

1 Department of Diagnostic Radiology, Rigshospitalet
Diagnostisk Center, Copenhagen, Denmark

2 Department of Clinical Medicine, University of Copenha-
gen, Faculty of Health and Medical Sciences, Copenha-
gen, Denmark

3 Department of Radiology, Odense University Hospital,
Odense, Denmark

4 Rigshospitalet Hjertecentret, The Heart Center, Copenha-
gen, Denmark

5 Department of Pediatric Cardiology, Rigshospitalet,
Copenhagen, Denmark

6 BK Medical ApS, Herlev, Denmark

7 Department of Health Technology, Technical University
of Denmark, Kgs. Lyngby, Denmark

Key words
catheters, echocardiography, vector flow imaging, valvular
stenosis, pressure gradient

received 17.12.2020
accepted after revision 05.09.2021
published online 2021

Bibliography

Ultrasound Int Open 2021; 7: E48-E54
DOl 10.1055/a-1652-1261

ISSN  2199-7152

© 2021. The Author(s).

This is an open access article published by Thieme under the terms of the
Creative Commons Attribution-NonDerivative-NonCommercial-License,
permitting copying and reproduction so long as the original work is given
appropriate credit. Contents may not be used for commecial purposes, or
adapted, remixed, transformed or built upon. (https://creativecommons.
org/licenses/by-nc-nd/4.0/)

Georg Thieme Verlag KG, Riidigerstrae 14,
70469 Stuttgart, Germany

Correspondence

Mr. Tin-Quoc Nguyen

Department of Diagnostic Radiology
Rigshospitalet Diagnostisk Center
Blegdamsvej 9

2100 Kobenhavn

Denmark

Tel.:+60141546
tingnguyen@gmail.com

ABSTRACT

Purpose Continuous wave Doppler ultrasound is routinely
used to detect cardiac valve stenoses. Vector flow imaging (VFI)
is an angle-independent real-time ultrasound method that can
quantify flow complexity. We aimed to evaluate if quantifica-
tion of flow complexity could reliably assess valvular stenosis
in pediatric patients.

Materials and Methods Nine pediatric patients with echocar-
diographically confirmed valvular stenosis were included in the
study. VFl and Doppler measurements were compared with
transvalvular peak-to-peak pressure differences derived from
invasive endovascular catheterization.

Results Vector concentration correlated with the catheter
measurements before intervention after exclusion of one out-
lier (r=-0.83, p=0.01), whereas the Doppler method did not
(r=0.49, p=0.22). The change in vector concentration after
intervention correlated strongly with the change in the meas-
ured catheter pressure difference (r= -0.86, p=0.003), while
Doppler showed a tendency for a moderate correlation
(r=0.63,p=0.07).

Conclusion Transthoracic flow complexity quantification cal-
culated from VFI data is feasible and may be useful for assessing
valvular stenosis severity in pediatric patients.

Introduction

Congenital heart disease affects more than 1000000 newborns
yearly with anincreased prevalence over the past decade [1]. Tran-
sthoracic echocardiography remains the preferred diagnostic tool
for early detection of heart defects in newborns as it is a safe, wide-

ly available, and cost-effective approach that enables hemodynam-
ic assessment bedside [2]. It uses the spectral Doppler ultrasound
method to measure blood velocities, which can then be calculated
into pressure differences using the simplified Bernoulli equation
[3]. The transvalvular pressure difference is usually calculated to
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assess the stenosis severity in pediatric patients [4]. However, the
Doppler method is angle-dependent, which can result in velocity
estimation errors and misclassification of disease severity [5].

Vector flow imaging (VFI) is an ultrasound method that can as-
sess blood flow angle-independently. VFI simultaneously assesses
the axial and transverse flow velocity [6] and allows for a more ad-
vanced flow interpretation than conventional Doppler ultrasound.
Vascular pathology can increase flow complexity [7] and the com-
plex flow can be visualized with VFI and further quantified as vec-
tor concentration [8].

This study used transthoracic VFI to quantify the transvalvular
flow complexity in pediatric patients with aortic or pulmonary valve
stenosis referred to percutaneous balloon valvuloplasty. The aim
was to compare transvalvular vector concentration with invasive
pressure difference measurements before and after intervention.
Additionally, the peak pressure difference measured using conven-
tional transthoracic continuous wave Doppler echocardiography
was obtained. The invasive pressure catheter measurements were
the reference standards, with which the two ultrasound methods
were compared.

Method

Study population

Nine infants or young children (range: 20 days to 5 years, median
age: 4.5 months old) referred for percutaneous balloon valvuloplas-
ty because of congenital aortic or pulmonary valve stenosis were
invited to participate in the study. Informed consent was obtained
from the parents. The local ethics committee waived approval since
ultrasound is a routine examination, and VFI findings did not diag-
nose or alter the treatment of any participants (protocol no.
17020259).

During catheterization in one patient (patient no. 8), a suprav-
alvular stenosis was revealed in proximity to the aortic valve instead
of avalvular stenosis. Balloon dilation was attempted on the sten-
otic segment without success, and the patient was subsequently
referred for surgery. The post-procedural Doppler and vector con-
centration datasets were still obtained, and patient no. 8 remained
included in the study.

Vector flow imaging

All VFI sequences were acquired using a modified commercial ul-
trasound scanner (bk5000, BK Medical, Herlev, Denmark) and a lin-
ear transducer (8L2, BK Medical, Herlev, Denmark). The VFI meth-
od used in this study is currently unavailable on dedicated transtho-
racic cardiac transducers, but transthoracic scanning using linear
transducers has been shown to be feasible for pediatric patients
[9, 10]. The scanner was set to VFI mode with a color wheel to in-
dicate the flow direction and magnitude of velocity in 360 degrees,
» Fig. 1. During anesthesia and before valvuloplasty, the transduc-
er was positioned parasternal and readjusted to optimize the view
of the transvalvular blood flow. The VFI color box would ideally in-
clude the midstenotic and adjacent pre- and post-stenotic flow seg-
ments, > Fig. 2. When an optimal image could not be acquired,
e.g., due to costal shadowing or pulmonary overlay, the midsten-
otic flow was prioritized. After valvuloplasty, VFI sequences were
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acquired once more before anesthesia was terminated. VFl was ob-
tained at a frame rate of 30 frames per second. Data were processed
on an offline workstation using an graphical user interface builtin-
house in MATLAB (MathWorks, Natick, MA, USA) [11]. A region of
interest (ROI) was manually selected inside the interface at peak
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> Fig. 1 Short-axis view of the pulmonary artery after intervention
using vector flow imaging. The blood flow direction spans all 360
degrees. Here, blood flow is moving in a clockwise direction.
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> Fig. 2 Long-axis view of the pulmonary artery after intervention
using vector flow imaging. During systole, blood leaves the right
ventricle (top-left), passes through the pulmonary valve (arrow), and
enters the pulmonary artery (bottom right).
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systole. The ROIs extended approximately one vessel diameter up-
stream and downstream from the stenosis while still staying with-
in the boundaries of the vessel. An example of a drawn ROI can be
seenin » Fig. 3. The output was a parameter called vector concen-
tration; a number between zero and one was used to indicate a
range of flow from highly complex to completely laminar [8].
A mean vector concentration was calculated from 10 systoles with
anew ROI being defined for each systole to accommodate for any
change in valve position. A more thorough explanation of the cal-
culation has been described in previous papers [8, 12].

Transthoracic echocardiography

A clinical examination and transthoracic echocardiography were
performed within 24 hours prior to balloon valvuloplasty. Echocar-
diography was done by experienced pediatric cardiologists using
a commercially available ultrasound scanner (Philips EPIQ 7 C,
Philips Ultrasound, Inc., Bothell-Everett Hwy, Bothell, WA, USA)
with dedicated cardiac transducers. Using the imaging plane with
the lowest possible angle error, the instantaneous peak systolic
pressure difference across the valve was calculated using the sim-
plified Bernoulli equation [3], see » Fig. 4. Images and calculations
were stored in the IntelliSpace Cardiovascular software suite

314.3 cmfs

(Philips Medical Systems Nederland B.V., Veenpluis, The Nether-
lands). A repeat transthoracic echocardiography was performed
the day after balloon valvuloplasty with estimation of the post-pro-
cedural transvalvular pressure difference.

Catheterization

During anesthesia, left or right heart catheterization was conducted
via direct puncture of the right common femoral artery or vein below
the inguinal ligament. Using a 4F-6F sheath, a multipurpose cath-
eter on a Terumo wire was maneuvered to the heart under fluoros-
copy guidance and through the stenotic valve. The multipurpose
catheter was subsequently replaced by a pigtail catheter over the
wire. In the case of pulmonary valvular stenosis, the pulmonary ar-
tery pressure was measured before the pigtail catheter was pulled
back through the valve to measure the pre-stenotic pressure. Inter-
vention was performed on mild stenoses if assessed by clinicians as
relevant. Angiography confirmed the presence of a valvular stenosis
and the absence of a sub- and supravalvular obstruction.

Balloon valvotomy was performed using compliant balloons (Ty-
shak, Numed Inc., Hopkinton, NY, USA) with a diameter according
to the standard guidelines (100 -130 % of annular diameter for pul-
monary and 80-100% in aortic valves) [13]. Post-valvotomy angi-
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» Fig. 3 Vector flow imaging of a pulmonary valve stenosis before (a) and after (b) treatment. Vector concentration was calculated inside an ROI.

In this patient, vector concentration increased from 0.40 to 0.51.

> Fig. 4 Transthoracic echocardiography of a pulmonary valve stenosis before (a) and after (b) intervention (same patient as in » Fig. 3).
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ography checked for the absence of rupture and valve regurgita-
tion followed by post-procedural pressure measurement in the
aorta/pulmonary artery and in the left/right ventricle. If a signifi-
cant residual pressure difference across the valve was noted, val-
votomy was done with a larger balloon.

Statistical analysis

Data were analyzed with descriptive statistics. Pearson correlation
coefficients were calculated to assess the linear relationship between
the pressure catheter measurements and both ultrasound methods.
A p-value<0.05 was considered statistically significant. All statistical
analyses were performed in the statistical programming software,
R (R Foundation for Statistical Computing, Vienna, Austria).

Results

The transvalvular pressure differences measured with Doppler and
pressure catheter before and after intervention as well as the mean
transvalvular vector concentration are listed in » Table 1. The
differences between before and after intervention are summarized
in » Table 2.

Scatterplots of the pooled data points (before + after) are illus-
trated in > Fig. 5. The patient with no valvular stenosis had a high-
er vector concentration compared with the others. Data were re-
visited for one outlier with a noticeably high vector concentration
after intervention (patient no. 5), but no satisfactory explanation
was found.

Neither vector concentration (r= - 0.63, p=0.07) nor continu-
ous wave Doppler ultrasound pressure differences (r=0.48,
p=0.19) showed a significant correlation with the catheter meas-
urements before intervention. However, exclusion of the patient
without valvular stenosis resulted in a strong correlation coefficient
for vector concentration (r=-0.83, p=0.01), but no change for the
Doppler method (r=0.49, p=0.22). After intervention, the
correlation was no longer significant for vector concentration
(r=-0.49,p=0.18) or Doppler (r=0.16, p=0.69).

The change in vector concentration after treatment showed a
strong correlation with the change in pressure difference measured
with a pressure catheter (r= -0.86, p=0.003), while a tendency for
a correlation was found for the Doppler method (r=0.63, p=0.07).

Discussion

This study demonstrated the transvalvular vector concentration
parameter to correlate strongly with catheter pressure differences
before intervention after exclusion of an outlier without stenosis.
Brandt et al. [14] and Hansen et al. [12] reported strong correla-
tions between vector concentration and stenosis severity in carot-
id and femoral artery stenoses, and Saris et al. [7] found increased
flow complexity in diseased carotid arteries. However, their refer-
ence methods differed from this study, and the reported correla-
tions may not be comparable. Cardiac catheterization is still regard-

> Table 2 Change in pressure difference and vector concentration
after treatment.

Patient # Stenosis A Pressure A Doppler A Vector
location catheter (mmHg) concentra-
(mmHg) tion
1 Pulm. =7 -0.2 +0.03
2 Ao. -46 -44 +0.13
3 Pulm. =2 2 +0.01
4 Pulm. -5 -44 +0.02
5 Pulm. -64 -67.4 +0.46
6 Pulm. -6 -43 +0.12
7 Pulm. -20 +8.6 +0.14
8 Ao. -1 -10.5 -0.08
9 Pulm. -13 -4.8 +0.14

> Table 1 Catheter pressure differences, continuous wave Doppler ultrasound pressure differences, and vector concentration before and after treat-

ment.
Pressure catheter (mmHg) Doppler (mmHg) Vector concentration

Patient # Stenosis location Before After Before After Before After
1 Pulm. 15 8 24.2 24 0.48 0.51
2 Ao. 57 11 62 18 0.37 0.50
3 Pulm. 18 16 57 59 0.49 0.51
4 Pulm. 40 35 78 34 0.39 0.41
5 Pulm. 75 11 76.2 9 0.33 0.79
6 Pulm. 20 14 70.8 28 0.40 0.51
7 Pulm. 35 15 82.4 91 0.37 0.51
8 Ao. 13 12 58.5 48 0.82 0.74
9 Pulm. 35 22 50.3 45.5 0.41 0.55
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> Fig.5 Vector concentration (a) and Doppler pressure differences (b) plotted against pressure differences measured with a pressure catheter. One

patient had no valvular stenosis and is marked with triangles (A).

ed as the “gold standard” for assessing congenital heart disease,
and invasive pressure difference measurement can help assess the
risk of the disease and reveal a need for intervention [15]. Howev-
er, the procedure has both short- and long-term risks, and nonin-
vasive approaches, such as echocardiography, should be consid-
ered first [15, 16]. A noninvasive approach capable of correctly
identifying patients needing interventional treatment could reduce
the number of unnecessary procedures.

The Doppler results differed from previous comparison studies
of Doppler and catheter measurements. These studies reported
mostly strong linear correlations across stenotic aortic valves
[17-19], whereas the two ultrasound methods did not correlate
with the catheter method in this study. A high Doppler pressure
difference was measured in one patient despite the absence of val-
vular stenosis, likely due to the vicinity of a downstream supraval-
vular stenosis. Continuous wave Doppler ultrasound allows the user
to measure higher velocities than conventional pulsed Doppler ul-
trasound without aliasing of the spectrum, but obscures the exact
depth of the measured velocity [20]. The time delay between the
Doppler and catheter measurements might also have influenced
the results, since partial valve recoil might have interfered with the
post-procedural Doppler examination [21]. Other limitations are
the small sample size as well as the inherent difference when com-
paring instantaneous and peak-to-peak pressure differences [22].

Doppler pressure differences are reported to overestimate cath-
eter measurements, and the discrepancy is commonly attributed
to the lack of correction for pressure recovery [17, 18]. However,
correction for pressure recovery may be unnecessary [19]. Also,
Doppler pressure differences are calculated from peak velocities,
thereby making them instantaneous pressure differences. Mean-
while, the catheter pressure differences in this study were meas-
ured peak-to-peak using the pull-back method. Instantaneous
pressure differences are fundamentally different from peak-to-peak
pressure differences and will always be higher [22]. Therefore, a
discrepancy between the two methods will always exist.

Like conventional spectral Doppler ultrasound, VFl is based on
pulsed ultrasound emissions, and high blood flow velocities cause
aliasing artifacts. The artifacts distort the velocity information and
prevent flow velocity estimation with Doppler [23]. Similarly, ali-
ased flow reverses the velocity vectors with VFl and impedes veloc-
ity estimation. However, the uniformity of the reversed flow re-
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mains largely the same and vector concentration estimation may
still be feasible [12, 24].

Unlike the spectral Doppler technique, VFlis not angle-depend-
ent. Aortic stenoses and bicuspid aortic valves displace flow away
from the center of the ascending aorta [25, 26]. This complicates
peak systolic velocity measurement with Doppler, since the veloc-
ity errorincreases with the angle error and correlates with the mag-
nitude of displacement [25]. The Doppler-catheter ratio can de-
crease up to 80 % as the jet gets increasingly eccentric [27]. VFI dis-
plays the velocity field on the monitor and eccentric flow is easily
detected [28]. Furthermore, VFl is more accurate for peak systolic
velocities in the common carotid artery than spectral Doppler ul-
trasound [29]. As such, VFI may be a good alternative to conven-
tional Doppler ultrasound for stenosis assessment, as it obtains and
utilizes more of the available flow information and is angle-inde-
pendent, more accurate, and less operator-dependent.

The first studies on cardiac VFl listed limited penetration depth
as a drawback for the technique, and cardiac flow assessment was
then performed intraoperatively directly on the heart to preserve
accuracy [28]. However, transthoracic cardiac flow assessment has
since been demonstrated to be feasible in pediatric patients [9, 10].
We managed to produce usable vector field images on a 4 years
and 9 months old patient, indicating that future studies may in-
clude even older pediatric patients.

This study had several limitations. First, the study included only
nine patients and the amount of data obtained was limited. Con-
genital aortic stenosis and pulmonary valve stenosis are rare
diseases found in only 1.9 and 5.5 per 10000 live births, respec-
tively [1]. However, we recognize the need for a larger study sam-
ple for more conclusive statements. Therefore, this study is a proof-
of-concept and should be interpreted as such. Another limitation
is that VFI visualizes flow movements in a 2D plane. This is better
than conventional Doppler ultrasound that only measures veloci-
ties in 1D. Out-of-plane flow is still omitted in the vector concen-
tration analysis. Blood flow in the ascending aorta is known to be
helical and vortical [26, 28], and essential flow information is lost
with a 2D VFItechnique. A 3D VFl approach already exists [30] and
would likely have resulted in better estimation of the transvalvular
flow and turbulence. The time lag between Doppler measurements
and the intervention is also a limitation. Additionally, the Doppler
examination was not performed during anesthesia, which could
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have increased cardiac output and hindered optimal data acquisi-
tion due to patient movement. Recoil of the stenotic area may have
occurred during the post-procedural Doppler examination, which
would result in an altered flow environment, ultimately impacting
the correlation with invasively measured pressure differences [21].
The pediatricians rotated their functions daily and the transthorac-
ic echocardiography before and after intervention was not neces-
sarily performed by the same person. Interobserver variability may
have influenced the estimated changes in Doppler velocities. Data
were analyzed by only one investigator (TN) without assessment of
inter- and intraobserver variability. Therefore, we cannot dismiss
that the small decreases or increases in vector concentration ob-
served in this study were due to intraobserver variability. Investi-
gating the inter- and intraobserver variability of vector concentra-
tion estimation should be the topic of a future study. Lastly, we used
anin-house build toolbox to analyze our data and calculate the vec-
tor concentration. The method is published in peer-reviewed jour-
nals [8, 12] but is not yet commercially available.

Conclusion

The vector concentration and Doppler methods did not correlate
with the transvalvular pressure differences measured using direct
catheterization in this study of nine pediatric patients. The change
in vector concentration following treatment correlated strongly
with the catheter pressure differences. This proof-of-concept study
indicated that transvalvular flow complexity may be quantified
transthoracically with VFI. Larger studies comparing VFI with con-
ventional spectral Doppler ultrasound and invasive pressure cath-
eters are needed to verify the findings in the present study.
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