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Abstract

Background: Flow patterns in univentricular hearts may have clinical value. Therefore, it is our objective to asses
and characterize vortex flow patterns with Fontan circulation in comparison with healthy controls.

Methods: Twenty-three patients (8 Fontan and 15 normal patients) underwent echocardiography with intravenous
contrast agent (Sonovue®) administration. Dedicated software was used to perform particle image velocimetry (PIV)
and to visualize intracavitary flow in the systemic ventricles of the patients. Vortex parameters including vortex
depth, length, width, and sphericity index were measured. Vortex pulsatility parameters including relative strength,
vortex relative strength, and vortex pulsation correlation were also measured.

Results: The data from this study show that it is feasible to perform particle velocimetry in Fontan patients. Vortex
length (VL) was significantly lower (0.51 £ 0.09 vs 0.65 + 0.12, P = 0.010) and vortex width (VW) (0.32 + 0.06 vs 0.27
+ 0.04, p = 0.014), vortex pulsation correlation (VPC) (0.26 + 0.25 vs -0.22 + 0.87, p = 0.05) were significantly higher
in Fontan patients. Sphericity index (SI) (1.66 + 048 vs 242 + 062, p = 0.005), relative strength (RS) (0.77 + 033 vs
190 + 047, p = 0.0001), vortex relative strength (VRS) (0.18 + 0.13 vs 043 + 0.14, p = 0.0001) were significantly
lower in the Fontan patients group.

Conclusions: PIV using contrast echocardiography is feasible in Fontan patients. Fontan patients had aberrant flow
patterns as compared to normal hearts in terms of position, shape and sphericity of the main vortices. The vortex
from the Fontan group was consistently shorter, wider and rounder than in controls. Whether vortex characteristics
are related with clinical outcome is subject to further investigation.
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Introduction The growing knowledge about the structure and func-

Particle image velocimetry is a new technique of deter-
mining the velocity and the direction of fluid streams by
analyzing the change in position of small particles that
drift with the fluid. With the recent development of
echocardiographic technology, it is now possible to
apply this approach to contrast-enhanced echocardio-
graphic imaging [1-3].
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tion of the ventricle [4] was of high interest to us in the
context of ventricular vortex development in the Fontan
patients. A vortex is a mass of fluid with a whirling or
circular motion, thus containing kinetic energy. It is
supposed to increase cardiac efficiency by maintaining
the momentum of the inflowing blood in diastole and,
thus, facilitating systolic ejection of blood into the left
ventricular outflow tract[5]. The demonstration of dia-
stolic vortex formation in normal human hearts and
their distortion by valve surgery [6] led to our study
objective to what extent blood flow patterns in
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congenitally abnormal, functionally univentricular hearts
of Fontan patients are different from normal ones.

This study aimed at assessing vortex flow patterns in
patients with Fontan circulation in comparison with
healthy controls.

Methods

Study population

A total of 23 patients were enrolled in this study: 8 Fon-
tan [age 31.5 + 12 years (mean * standard error of the
mean, SEM); 7 women] and 15 controls [age 46 + 10
years (mean + standard error of the mean, SEM); 6
women]. All patients were in a stable clinical condition,
without overt signs or symptoms of heart failure, classi-
fied as functional class NYHA I-II. Oxygen saturations of
all patients were above 96% indicating the absence of
major right-to-left shunting. The study protocol was
approved by the ethics committee of our institution. All
patients gave written informed consent prior to the
examinations. Demographic and clinical characteristics of
our study population are summarized in Tables 1 and 2.

Imaging

To visualize intracavitary flow, a 0.2 ml of intravenous
contrast (Sonovue™) was injected intravenously as a
bolus. Images in the apical 4 chamber views plane were
obtained and digitally stored using a Sequoia C512 (Sie-
mens, Mountain View, USA) equipped with a 3.5 MHz
transducer. Data were analyzed off-line with dedicated
research software (Omega Flow, Siemens, Mountain
View, USA) capable of tracking contrast enhanced blood
flow and visualizing and quantifying blood flow patterns
as described recently [4].

Quantitative vortex flow parameters

The process of vortex formation It is related to the differ-
ence in velocity between the high-speed inflow jet after
mitral valve opening and the surrounding still fluid in the
left ventricle (LV). The shear layer between the moving
and the still part of the blood promotes natural swirling of
flow inside the ventricle, leading to the vortex formation

Table 1 Demographic and clinical characteristics of our
study population

Variables Fontan patients Controls p value
Age, yrs 315+ 12 46 £ 10 0.243
Women/Men 6/2 6/9 0.252
LVEDd 518 +£88 475 £ 0.7 0.210
LVESd 371 +£82 325+ 2.1 0.199
LAd 40.7 + 139 375+ 0.7 0.334
Systemic FS% 29 + 44 35+5 0.071
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A vortex is a mass of fluid whose elements are moving
in nearly circular pathlines about a common axis. Vor-
tices are to be distinguished from vorticity, which is the
local rate of rotation of infinitesimal fluid elements
about their own axes.

The parameter vorticity, describing the curling of the
blood flow was colour coded and displayed over the
entire cardiac cycle. For the evaluation of vortex mor-
phology and characteristics, we used the parameters as
was proposed by Hong et al.[3] In brief, we measured
vortex depth (VD), vortex length (VL) and vortex width
(VW) indicating the shape of vortex. VL was measured
using major-axis length of vortex relative to systemic
ventricle length, VW was measured using minor-axis
length of vortex relative to systemic ventricle length,
and VD represents vertical position of the center of vor-
tex relative to systemic ventricular long axis. A vortex
sphericity index (SI) was calculated by VL and VW, as
VL/VW ratio.

Changes in regional vorticity can be used to estimate
energy dissipation in the fluid. A vortex loses kinetic
energy because of fluid viscosity, when a large, and
steady vortex is converted in the bloodstream into smal-
ler, rapidly changing vortices. The pulsatility map
showed red colour if there is strong vortex. For the eva-
luation of energy dissipation (pulsatility) of left ventricle
vortex, we assessed 3 pulsatility parameters including
relative strength (RS), vortex relative strength (VRS),
and vortex pulsation correlation (VPC) of left ventricle
vortex.

The RS represents the strength of the pulsatile com-
ponent of vorticity with respect to the average vorticity
in the whole left ventricle. The VRS represents the same
ratio accounting for the pulsatile vorticity of vortex only
instead of the entire left ventricle. The VPC is the corre-
lation between steady and pulsatile vorticity in the vor-
tex, normalized with the vortex strength and area to
make a dimensionless parameter.

RS and VRS can be calculated with a mathematic defi-
nition as follows [6]:

[ o1 (x,y)dxdy

VRS - vortex ,
[ wo(x,y)dxdy

vortex

[ w1 (x,y)dxdy
v
[ wo(x,y)dxdy

vortex

RS =

where m, represents the steady and o; represents the
pulsatile component (first harmonic) of regional
vorticity.
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Table 2 Clinical features of the 8 Fontan patients
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Patient Age (years) Sex Defects

1 22 Male TA, VSD, subvalvular PS, left SVC

2 55 Female Ebstein’s anomaly, VSD, TS

3 37 Female TA, VSD

4 29 Male DILV, VSD, pulmonary atresia

5 19 Female TA, VSD, subvalvular PS

6 23 Female cc-TGA, TA, ASD, PS, VSD, left SVC

7 35 Female DORYV, TGA, PS, abnormal pulmonary venous connection
8 42 Female TA, VSD, ASD

The VPC can be calculated with a different mathe-
matic definition as follows [6]:
Avortex [ wo(x,y)w: (x, y)dxdy

vortex

2
[ ool y)dxdy)

ortex
represents again the steady and o; represents the pulsa-

tile component (first harmonic) of regional vorticity and
Ayortex represents the vortex area.

Two double-blinded examiners repeatedly performed
the measurements on 10 randomly selected patients for
interobserver analysis. The second observer repeated the
measurements 2 months after the first time. Case
sequence was randomly arranged each time.

VPC = where ™o

Statistical analysis

Continuous variables were presented as mean and stan-
dard deviation and were compared using the indepen-
dent Student ¢ test. Comparison of categorical variables
was made by the chi-square test. The assessment of
intraobserver and interobserver variability was per-
formed by two independent observers or within an
observer for quantitative vortex parameters. The agree-
ment between the two measurements was expressed
using the 95% confidence interval and determined as the
mean of the differences +/-1.96SD [7].

A p value < 0.05 was considered statistically signifi-
cant. All statistical analyses were performed using the
SSPS statistical package (SSPS version 18.0, Inc., Chi-
cago, Illinois)

Results

Clinical data

Clinical characteristics of the study population are
shown in Tables 1 and 2. Mean age was 46 + 10 years
for the control group. Of the 8 patients with Fontan cir-
culation (mean age 31.5 + 12 years), 2 patients (25%)
were male. There was no significant difference in age
and gender between the controls and Fontan patients
groups. The right ventricular systolic function was esti-
mated visually by an experienced echocardiogram while

the left ventricular systolic function was calculated by
Volumetric Biplane Simpsons’ (ES: 29 + 4.4 vs. 35 + 5%,
p = 0.07), the systemic ventricular end-diastolic dimen-
sion (51.8 + 8.8 vs. 47.5 + 0.7, p = 0.2), systemic ventri-
cular systolic dimension (37.1 £ 8.2 vs. 32.5 + 2.1, p =
0.1), and left atrial dimension (42.7 + 13.8 vs. 37.5 = 0.7,
p = 0.2) were similar in both groups.

Characterization of systemic ventricular vortex flow
Images of the resulting flow patterns from a 29-year
old male Fontan patient, born with DILV, VSD and
pulmonary atresia are presented in Figure 1 (Addi-
tional file 1). To enable comparison with a normal
flow pattern, the flow pattern of a 38-year old male
without cardiac abnormalities is depicted in Figure 2
(Additional file 2).

In both diastole and systole, distinct and significant dif-
ferences were observed in the evolution and temporal
development of flow structures. The location, shape and
sphericity of the main vortices differ clearly from con-
trols in all cardiac cycle [early diastole(A), late diastole
(B), ejection (C)] (Figures 1,2). The vortex from the Fon-
tan group was consistently shorter, wider and rounder
than in controls. The LV vortex immediately after the
onset of the early diastolic phase, redirects the blood
flow from LV base, to LV posterior wall, to LV apex
during isovolumic relaxation and toward the LV outflow
tract and aorta during isovolumic contraction. Pulsatility
of systemic ventricular field and vortex represented by
RS, VRS and VPC were significantly different in patients
with Fontan circulation; red encodes positive vorticity (i.
e. counter clockwise rotation of the blood), blue nega-
tive vorticity clockwise rotation. The pulsatility in Fon-
tan group was less red encodes and was not at the
centre and the apex of systemic ventricle which means
not strong vortex. In controls, the vortex was compact,
elliptically shaped, and located apically (Figure 3).

Quantitative analysis of systemic ventricular vortex flow
VL (0.51 + 0.09 vs 0.65 + 0.12, P = 0.010), SI (1.66 +
0.48 vs 2.41 + 0.42, p = 0.005), RS (0.77 + 0.33 vs 1.90 +
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Figure 1 Sequence analysis of systemic ventricular flow during
systole and diastole in Fontan patients and controls. The vortex
from the Fontan group was consistently shorter, wider and rounder
than in controls. The vortices were located at the centre of the left
ventricle throughout diastole and systole and did not redirect flow
in a coherent, sequential fashion as in controls. The location, shape
and sphericity of the main vortices differ clearly from controls in all
cardiac cycle [early diastole(A), late diastole(B), ejection (C)].

047, p = 0.0001), and VRS (0.18 + 0.13 vs 043 + 0.14, p
= 0.001) were significantly lower in Fontan patients. VW
(0.32 + 0.006 vs 0.27 + 0.04, p = 0.014) and VPC (0.26 +
0.25 vs -0.22 + 0.87, p = 0.05) were significantly higher
in the Fontan patient group. (Table 3 Figure 4)
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Figure 2 Sequence analysis of systemic ventricular flow during
systole and diastole in Fontan patients and controls. The vortex
from the Fontan group was consistently shorter, wider and rounder
than in controls. The vortices were located at the centre of the left
ventricle throughout diastole and systole and did not redirect flow
in a coherent, sequential fashion as in controls. The location, shape
and sphericity of the main vortices differ clearly from controls in all
cardiac cycle [early diastole(A), late diastole(B), ejection (C)].

Interobserver analysis
Interobserver variability analysis of quantitative vortex

parameter measurements are listed in Table 4.
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Figure 3 Colour coded flow data representing the normalized
regional vorticity in the plane of the four chamber view (R
denotes right; L denotes left), averaged over the cardiac cycle.
Flow data are derived from tracking based echocardiographic
particle image velocimetry. Red encodes positive vorticity (i.e.
counter clockwise rotation of the blood), blue negative vorticity
clockwise rotation). The pulsatility in Fontan group, was less red
encodes and was not at the center and the apex of systemic
ventricle which means not strong vortex.

Discussion

To our knowledge, this is the first report on intracardiac
blood flow patterns in Fontan patients using echocardio-
graphic PIV. The PIV technique is noninvasive, and its
latest developments allow a high degree of accuracy
[8-11]. Shear stress and vortex flow dominate the ener-
getic of any flow; the vortex stores a part of the kinetic
energy of the inflow into the rotary motion and redir-
ects it toward the outflow tract [12].

In our study, we were able to achieve reproducible
ventricular vortex flow data in patients with Fontan
repair and controls by using contrast echocardiography
with PIV. The application of PIV to echocardiography
seems promising, and results appear to be qualitatively
meaningful.

Table 3 Quantitative Vortex Parameters of Controls and
Fontan patients

Variables  Fontan Patients (n = 8) Controls (n = 15) p value
VD 0484 + 0.122 0395+ 0111 01
'S 0.016 + 0.109 0.031 + 0.106 0.766
VL 0513 + 0.097 0651 + 0125 0.010
VW 0.320 + 0.067 0276 + 0.044 0014
Sl 1.661 + 0481 2412 +£ 0626 0.005
RS 0.778 + 0.334 1903 + 0471 0.0001
VRS 0.188 + 0.134 0433 + 0141 0.001
VPC 0.269 + 0.258 -0.221 £ 0.879 0.050
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The 8 cases illustrate that structural abnormalities lead
to abnormal flow patterns. Adequate vortex formation
has been assumed to be energetically important for an
optimal cardiac function, because it enables the storing
of kinetic energy during diastole which is then subse-
quently released during systolic ejection. Abnormal geo-
metry and location of the vortex may lead to suboptimal
conditions as shown previously in patients with prosthe-
tic mitral valves [6] or left ventricle dysfunction [3,13].

In Fontan patients, diastolic vortex was incoherent,
persisted at the centre of ventricle during diastole and
systole. Also, this vortex did not dissipate even during
systolic ejection, potentially accounting for reduced
stroke volume output. The vortex from the Fontan
group was consistently shorter, wider and rounder than
in controls (Additional files 1 and 2). Pulsatility of sys-
temic ventricular field and vortex represented by RS,
VRS and VPC were significantly different in patients
with Fontan circulation. There was less red encodes and
was not at the centre of ventricle which means not
strong vortex. The complexity of the geometry com-
bined with the pulsatile character of the flow, the inter-
action of the jets with the systemic ventricle flexible
walls, and the unsteady motion of the leaflets generate
intrinsically complicated turbulent flow structures. So,
despite having similar sized systemic ventricle, flow was
different in Fontan patients. The clinical implications
may be are related to energy loss, adverse flow redirec-
tion, high resident times, hemostasis, thrombogenicity,
and free emboli formation.

Quantitative vortex parameters may provide a novel
method to detect early stages of ventricular dysfunction
before gross mechanical changes of ventricular geometry
and function as in patients with univentricular heart
physiology.

Thus far, heart function has been previously evaluated
in echocardiography [14,15] using 2 dimensions mea-
surements (e.g. LVEDd, Simpson EF, etc.), Doppler
blood flow patterns, tissue velocity imaging (e.g. E’,
myocardial acceleration during isovolumic contraction =
IVA) and strain analysis. PIV could be an additional
method in the future armentarium of the echocardio-
graphist which could be complementary to other meth-
ods because it may be helpful to analyze abnormal
kinetics in patients with heart failure or those who are
prone to heart failure. In addition echocardiographic
PIV can contribute to a better understanding of hemo-
dynamic parameters of the heart.

Particularly in Fontan patients, in whom the systemic
venous return is re-routed without interference of a sub-
pulmonary ventricle, studies have focused on methods
to reduce energy loss in any part of the circulation by
optimizing its hemodynamics [16,17]. In this context, it
is interesting that recently, a MRI study by
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Figure 4 Comparison of morphological and physiological vortex parameters between controls and the Fontan group.

Sundareswaran et al., [18] evaluated the value of 3D
flow patterns within lateral tunnel and extracardiac Fon-
tan circulations showing large vortices in patients with a
lateral tunnel which may also result in increasing power
losses. Due to inadequate acoustic windows, imaging of
the systemic venous return including vortices was how-
ever not possible. MRI and echocardiography may be
complementary to each other in these patients

Our data show that location, shape and sphericity of
the main vortices differ clearly from controls. We
hypothesize that these differences are related to the size
and position of the atrioventricular valve, the dimension
and morphology of the systemic ventricle, the spatial
relationship between ventricular inflow and left ventri-
cular outflow tract (e.g. transposition), or the absence of
interference with a functional subpulmonary ventricle.
The insights into systemic ventricular vortex flow in
Fontan patients may have additional and potentially
incremental value over the conventional methods to
assess systemic ventricular function. Vortex flow may

Table 4 Interobserver variability analysis of quantitative
vortex parameter measurements

Variables Interobserver variability
Mean difference + 1.96 SD

VD 0.012 + 0.078

'S -0.017 £ 0.056

VL -0.007 £ 0.109

VW -0.010 £ 0.058

Sl 0.004 + 0.144

RS -0.003 £ 0.136
VRS 0.020 + 0.044
VPC 0.005 + 0.024

influence stroke output and efficiency of the systemic
ventricular by redirection of intraventricular flow. This
has been explored in a preliminary fashion in a previous
study [2] but not yet in Fontan patients. Diastolic sys-
temic ventricular vortex characterization may have
implication for diastolic volumetric filling and may pro-
vide an index that links diastolic filling to systolic stroke
volume [19].

After the Fontan procedure a progressive change in
systemic ventricular diastolic function is described [20].
Several previous studies have shown impaired systemic
ventricular relaxation early after the Fontan procedure
[21,22], coincident with the increase in mass: volume
ratio and acquired “hypertrophy” of the ventricle after
acute preload reduction on transition to the Fontan
state [23].

However, in the current era, most patients go through
a bidirectional cavopulmonary anastomosis prior to the
Fontan procedure, thereby precluding the acute preload
reduction that used to occur with transitioning from a
shunt to the Fontan. We know that the Fontan circula-
tion involves abnormal loading conditions, with
decreased preload reserve and chronically increased
afterload, as well as issues with afterload mismatch. This
may very well be the reason in this study, for the abnor-
mal vortex flow patterns associated with the single
ventricle.

Additional late after the Fontan procedure one pre-
vious study have demonstrated changes in diastolic
Doppler indices consistent with reduced compliance of
the systemic ventricle and persisting abnormalities of
relaxation[20]. Diastolic function in children with conge-
nital heart disease has also been characterized using
echocardiographic assessment of blood and tissue Dop-
pler velocities, specifically in patients with atrial septal
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defects, tetralogy of Fallot, single ventricle physiology,
and following cardiac transplantation [24].

The PIV and vortices may be a valuable method for
the evaluation diastolic and systolic function after the
Fontan procedure, but further research is warranted to
relate PIV to established measures of cardiac function
or symptoms.

Accurate mapping of intraventricular flow provides
novel opportunities to evaluate the role of vortices in
ventricular function. Similar to any fluid dynamics phe-
nomenon involving vortices, these flow structures are
expected to play fundamental roles affecting the
dynamics and the energetics of the left ventricle as a
pump.

It remains to be determined to what extent these
abnormal flow patterns impair systolic and diastolic car-
diac function and if surgical corrections aiming at nor-
malizing flow patterns may potentially improve the
outcome.

Limitations

This study included a relatively small number of
patients and lacked the correlation to an independent
reference such as cardiac catheterization or magnetic
resonance imaging (MRI) contrast study.

We decided not to exclude the right ventricle patients
because in Fontan patients it is almost not possible to
compose a homogeneous population. The complexity (e.
g. DILV, tricuspid atresia, Ebstein, valvular disease) and
surgical history (e.g. Glenn, BT shunt, Rashkind, etc.) of
those patients is often very diverse and every attempt to
create a homogeneous dataset will be an illusion. There-
fore, we realize that this will always be a limitation in
research with patient with CHD.

The current echocardiographic PIV method is 2-
dimensional and thus has also limits regarding the ana-
lysis of the 3-dimensional structure of flow patterns.
This inherent problem of clinical echocardiographic
analysis can not be solved because of the low temporal
and spatial resolution of the echocardiographic 3-dimen-
sional imaging technology. With the advancements of
MRI technology and improvement in the resolution
both in time and space of the method, the MRI may be
an accurate flow diagnostic method.

Further research is warranted for patients with other
forms of cardiomyopathy or congenital heart disease. In
addition further research is warranted to compare/con-
trast this approach with the MRI 4D flow techniques.

Conclusion

The data from this study showed that it is feasible to
quantify systemic ventricular vortex flow using contrast
vector profile in Fontan patients. Vortex characteristics
differ significantly from normal controls. This motivates
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for further research to assess the clinical implications
where necessary.

Additional material

Additional file 1: The flow patterns from a 29-year old male Fontan
patient.

Additional file 2: The flow pattern of a 38-year old male without
cardiac abnormalities.
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