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Abstract

Aims Interatrial shunts are under evaluation as a treatment for heart failure (HF); however, their in vivo flow performance
has not been quantitatively studied. We aimed to investigate the fluid dynamics properties of the 0.51 cm orifice diameter
Ventura shunt and assess its lumen integrity with serial transesophageal echocardiography (TEE).

Methods and results Computational fluid dynamics (CFD) and bench flow tests were used to establish the flow-pressure
relationship of the shunt. Open-label patients from the RELIEVE-HF trial underwent TEE at shunt implant and at 6 and
12 month follow-up. Shunt effective diameter (D.¢) was derived from the vena contracta, and flow was determined by
the continuity equation. CFD and bench studies independently validated that the shunt’s discharge coefficient was 0.88
to 0.89. The device was successfully implanted in all 97 enrolled patients; mean age was 70 + 11 years, 97% were NYHA
class Ill, and 51% had LVEF <40%. Patency was confirmed in all instances, except for one stenotic shunt at 6 months.
Dt remained unchanged from baseline at 12 months (0.47 + 0.01 cm, P = 0.376), as did the trans-shunt mean pressure
gradient (5.1 * 3.9 mmHg, P = 0.316) and flow (1137 * 463 mL/min, P = 0.384). TEE measured flow versus pressure closely
correlated (R*> > 0.98) with a fluid dynamics model. At 12 months, the pulmonary/systemic flow Qp/Qs ratio was
1.22 + 0.12.

Conclusions When implanted in patients with advanced HF, this small interatrial shunt demonstrated predictable and
durable patency and performance.
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Introduction Although most of these approaches create a shunt with

orifice diameters that range from 0.6 to 1.0 cm, the actual
Interatrial shunt devices and catheters that create iatrogenic  orifice dimensions may vary depending on distortion caused
atrial septal defects (iASD) to decompress the left atrium in by the topography of the interatrial septum or interventional
patients with heart failure (HF) are under investigation.™ placement methods. As such, it may be difficult to a
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priori model how well a device or iASD will transmit
flow in vivo. Moreover, as tissue injured during shunt
creation heals, pannus formation may narrow the shunt
lumen. Thus far, human studies have mostly taken a
non-quantitative or binary approach, with patency defined
by the presence of trans-shunt flow by transthoracic echocar-
diography (TTE).

The Ventura® Interatrial Shunt (V-Wave Ltd., Caesarea, IL),
with its encapsulated hourglass shape and small 0.51 cm
orifice, was designed so that variations in septal anatomy
and/or healing would be less likely to affect shunt lumen
dimensions. The objectives of this report were: first, to
establish the properties of this shunt by computational fluid
dynamics (CFD) simulations and bench flow tests, with
comparison with standard haemodynamic equations; and
second, to use serial transesophageal or intra-cardiac echo-
cardiographic examinations (TEE or ICE) in HF patients to
quantify shunt lumen dimensions and pressure versus flow
relationships at device implantation through 12 months of
follow-up.

Methods
Study device

The Ventura Interatrial Shunt, shown in Figure 1A, is built on
an hourglass-shaped self-expanding nitinol frame that is en-
capsulated with sintered expanded polytetrafluoroethylene
(ePTFE) on both its luminal and external (abluminal) surfaces.
The encapsulant has an internodal distance of <30 p. The
shunt has a length of 1.2 cm, with a left atrial entry diameter
of 1.4 ¢cm, a right atrial exit diameter of 1.1 cm, and a wall
thickness of 0.02 cm. The neck internal diameter is 0.51 cm
with a manufacturing tolerance of £0.01 cm. After transseptal
catheterization, a custom delivery catheter is used to place
the shunt so that its lumen spans the interatrial septum,
which may not exceed 0.6 cm in thickness.

Computational fluid dynamics simulations

CFD simulations were conducted to analyse the shunt’s
velocity and pressure profiles, wall shear stress, and turbu-
lence effects. Steady-state, left-to-right atrial pressure
gradients of 6, 10, 14, and 30 mmHg were used for the
simulations. The analyses were performed using a finite
volume method software based on the Navier—Stokes
equations (3DEXPERIENCE Fluid Dynamics Engineer, Dassault
Systemes, Paris, FR). The simulations were created from
computer-aided design files, focusing on a 30-degree sector
around the shunt’s axis of symmetry. The meshed model
consisted of approximately 350 K predominantly hexahedral

elements. The fluid was modelled as Newtonian, with blood
density set at 1.050 g/mL and a dynamic viscosity of
0.0035 Pa-s. Blood element exposure times were estimated
for half-maximum or greater wall shear stress, and maximal
vorticity was expressed as the curl of velocity vector.

Bench flow testing

Flow rates across the shunt were measured in a
custom-made flow test apparatus (BDC Laboratories model
FL68, Wheat Ridge, Colorado, USA) using saline at 37 + 2°C
with a density of 1.005 g/mL. The apparatus mimicked the
left and right atria and their respective circulatory loops.
Flowmeters and pressure sensors monitored inflow and out-
flow from each atrium. Twenty shunts certified for clinical
use from six manufacturing lots were tested. Each shunt
underwent evaluation at pressure gradients ranging from 2
to 20 mmHg with 2 mmHg increments.

In vivo evaluation

The REducing Lung congestlon symptoms using the v-wavE
shunt in adVanckEd Heart Failure (RELIEVE-HF) trial
(NCT03499236)% is a multicentre pivotal study being per-
formed under an FDA Investigational Device Exemption in
HF patients who are NYHA functional class II-1V, regardless
of LVEF. The protocol was approved by the IRB/Ethics
Committee at all investigational sites, and all patients signed
informed consent. This report focuses on the open-label,
roll-in arm comprising 97 patients. Patients received dual
antiplatelet agents for 6 months or continued oral anticoagu-
lants if there were other pre-existing indications. Roll-in
patients underwent TEE (N = 89) or ICE (N = 8) imaging during
device implantation. Follow-up TEE/TTE exams were per-
formed at 6 and 12 months.’ TTE data other than for shunt
patency and pulmonic to aortic flow ratios (Qp:Qs) have been
reported elsewhere. Simultaneously, RELIEVE-HF enrolled a
randomized, double-masked, sham-controlled cohort of 508
patients with the same entry criteria who are still undergoing
clinical follow-up.

Analytical and statistical methods

CFD, bench flow, and in vivo measurements of shunt flow
and pressure gradients were compared with the haemody-
namic equations developed by Gorlin and Gorlin® as later
modified by Flachskampf et al.,'* for effective orifice size.
Briefly, the flow through a restrictive orifice was modelled
by combining the continuity and simplified Bernoulli
equations such that
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Figure 1 Shunt device and computational flow dynamics (CFD) examples. (A) Anterior perspective rendering of study device showing the ePTFE en-
capsulated shunt. (B—E) CFD half shunt sections spatial distribution of gauge pressure, velocity, wall shear stress and vorticity during steady state flow

at pressure differential of 10 mmHg.
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E) Vorticity, Curl of Velocity
Vector, Hz

2KAP\ *°
Q =60 x AorificeCD T (1)

where Q is flow in mL/min, Aifice is the true orifice area in
cm?, ¢p is the discharge coefficient, K is the conversion
1 mmHg = 1333 dyne/cm?, AP is the mean pressure gradient
in mmHg, p is fluid density in g/mL, and 60 converts seconds
into minutes. ¢y is a dimensionless parameter that relates
viscous loss of velocity between the true orifice and the vena
contracta. Values for cp of the shunt were independently
derived from the CFD and bench flow data.
The effective orifice area is therefore

Actt = AorificeCn (2)

Combining the above equations further reduces the flow
model to

Q = 3024 x A.AP°? (3)

The constant 3024 differs from Flachskampf’s'! constant of
50.4, so that Q has a time base in minutes rather than seconds.

Echocardiographic studies were standardized in accor-
dance with the echocardiographic manual specified by the
centralized core laboratory (Penn State College of Medicine,
Hershey, PA, USA). Two-dimensional TEE/ICE colour and
continuous wave Doppler images of shunt flow were
acquired over at least three cardiac cycles x 2 in multiple
views optimized so that the ultrasonic beam was substan-
tially coplanar with the central axis of the shunt lumen.
Studies were read by the core lab without reference to prior
or later studies. Shunt patency was defined if Doppler flow
through the shunt lumen was seen on any TEE or TTE study
from the specified time point or if no study was available,
from a later follow-up study echocardiogram. For quantita-
tion of pressure gradient, vena contracta, and shunt flow,
only TEE or ICE studies from the specified time point were
used. Multiple frames were assessed to visualize flow
through the length of the shunt. The location for measuring
the vena contracta diameter (D) was confined within the
shunt frame outline.

There may be errors in determining D, due to non-coaxial
alignment of the echo beam with the shunt such that
measurements are artefactually too small (pseudo-stenosis).
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To correct for these distortions, the effective shunt diameter
(Deff) Was calculated as

Dframe true
Deff = Dvc X (4)
Dframe measured

This equation uses the known inner diameter of the frame
neck (0.52 cm) for calibration. Dfame measured Was assessed
from the same echo image as D,.. When the frame could
not be measured (N = 6, 2.8%), Dot Was assigned the value
of D.. Interobserver reliability for D,. and D¢ was validated
by the core laboratory. Shunts were empirically categorized
as stenotic if Dgsr were <0.38 cm, representing a 0.10 cm
diameter lumen loss or >35% reduction in cross-sectional
area. If Dy < 0.38 cm, but D was >0.38 cm, shunts were
deemed pseudo-stenotic. TEE derived Q was evaluated by
the continuity equation using separate A,. and A assess-
ments of cross-sectional orifice area. Qp:Qs was calculated
by both the standard TTE continuity equation method and
by using TEE measured shunt flow plus aortic flow to
estimate Qp.

Data in text and tables are mean * standard deviation or
median [interquartile range], unless otherwise stated.
Comparisons of data from serial time points were by
one-way repeated measures ANOVA, with sensitivity analysis
for missing data by nearest neighbour. Comparisons of paired
variances was by Levene’s test. The goodness-of-fit to math-
ematical models were assessed by R?, which were compared
using Fisher’s z-transformation.

Results
Simulations and bench studies

CFD simulations yielded a cp averaging 0.884 + 0.008. The
effective area and diameter were 0.179 cm2 and 0.478 cm
respectively at a pressure drop of 10 mmHg. These values
were stable over the tested gradients. Figure 1B—E illustrates
the spatial distributions of velocity, pressure, shear wall
stress, and vorticity within the shunt lumen. The regions of
highest wall shear stress and vorticity were confined to a
region of ~0.11 cm axial length of the shunt, just proximal
to and involving the central orifice.

Figure 2 depicts the relationship between Q and AP
obtained from CFD simulations in blood and bench flow
measurements in saline. The bench measurements were
reproducible, with standard deviations averaging 2.9% of
the total flow. The measured ¢, from the bench experiments
was 0.875 + 0.006. Both datasets were well described by the
flow model equation (1), which only differed in the values for
¢p and fluid density of saline or blood (R*> > 0.99 for each
model fit).

Figure 2 Computational flow dynamics (CFD) and in vitro bench mea-
surement of shunt device flow/pressure relationship. . represents data
from CFD simulations in blood and A are bench measurements in saline.
Error bars are standard deviations. Curved lines are respective fits to
model haemodynamic equation (1) with R” > 0.99 for each fit. AP", mean
pressure gradient; Q, flow.
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Clinical imaging evaluations

The RELIEVE-HF Roll-in cohort consisted of 97 patients
enrolled at 64 sites across multiple countries, including the
US, Israel, Spain, Germany, Poland, The Netherlands,
Belgium, Switzerland, and Australia. The first patient was
implanted on 9 September 2018, and the last 12 month
follow-up was completed on 8 September 2022. Baseline
patient characteristics are detailed in Table 7. The patients
were elderly with predominantly NYHA Class Il HF, a history
of frequent prior HF hospitalizations, and a high incidence
of co-morbidities including atrial fibrillation, hypertension,
diabetes, and chronic kidney disease. They remained
symptomatic despite treatment with maximally tolerated
guideline-directed medical and device therapies, as
confirmed by an Eligibility Committee. LV function was evenly
divided between preserved and reduced LVEF with a cut-off
for preserved LVEF at >40%, and they had mildly reduced
right ventricular systolic function and abnormal resting
haemodynamics with elevated filling pressures, reduced
cardiac index, and elevated pulmonary vascular resistance.
The population was high risk with a median NT-proBNP of
1730 pg/mL and MAGGIC** and BCN BIO-HF*® expected
1-year mortality rates exceeding 20%. All patients were
successfully implanted with the shunt.
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Table 1 Baseline patient characteristics (n = 97)

Demographics

Age, years 70 = 11
Female 28 (28.9%)
BMI, kg/m? 31.6 + 5.6
Duration of HF, years 55+5.0
HF hospitalizations per patient in prior year 1.0+1.2
Co-morbidities
Ischaemic aetiology 54 (55.7%)
Atrial fibrillation 50 (51.5%)
Hypertension 83 (85.6%)
Diabetes 53 (54.6%)
CKD 75 (80.4%)
COPD 26 (26.8%)
Stroke 17 (17.5%)
Therapies
ICD/CRT 23 (23.7%)
CRT 24 (24.7%)
RASI 74 (76.3%)
Beta-blocker 82 (84.5%)
MRA 58 (59.8%)
SGLT2i 15 (15.5%)
Loop diuretics 92 (94.8%)
Measurements
Hgb, g/dL 129+ 1.9
eGFR, mL/min/1.73 m? (median [IQR]) 42 [34-55]
LVEF, % 43 £ 16
RVFAC, % 36 + 6
TAPSE, mm 16 £ 3
HR, b.p.m. 72 * 12
BP systolic, mmHg 121 £ 17
RAP, mmHg 11 £5
PCWP, mmHg 20+ 7
LA-RA gradient, mmHg 85
PAP mean, mmHg 30+ 8
al, L/min/m? 23+08
PVR, Wood units 25+1.2
Prognosis
NYHA class Il 94 (96.9%)
NYHA class IV 3(3.1%)
KCCQ overall score 46 + 21
6MWD, m 266 + 89

NT-proBNP, pg/mL (median [IQR])
BNP, pg/mL (median [IQR])

MAGGIC 1 year mortality, % 21 £ 11
BCN BIO-HF 1 year mortality, % 22 £ 15

Data expressed as number (%), mean + standard deviation, or me-
dian [interquartile range].

6MWT, 6 minute walk test; BCN BIO-HF, Barcelona Bio-HF risk cal-
culator; BMI, body mass index; BNP, brain natriuretic peptide; BP,
blood pressure; Cl, cardiac index; CKD, chronic kidney disease;
COPD, chronic obstructive pulmonary disease; CRT, cardiac
resynchronization therapy; eGFR, estimated glomerular filtration
rate; HF Hosp, heart failure hospitalization; HF, heart rate; HFpEF,
HF with preserved EF; HFrEF, HF with reduced ejection fraction
(EF); Hgb, haemoglobin; ICD, implantable cardioverter defibrillator;
KCCQ, Kansas City Cardiomyopathy Questionnaire; LA, left atrium;
LVEF, left ventricular EF; MAGGIC, The Meta-Analysis Global Group
in Chronic HF risk calculator; MI, myocardial infarction; MRA, min-
eralocorticoid receptor antagonist; NT-proBNP, N-terminal pro-
brain natriuretic peptide; NYHA, New York Heart Association;
PAP, pulmonary artery pressure; PCWP, pulmonary capillary wedge
pressure; PVR, pulmonary vascular resistance; RA, right atrium;
RAP, right atrial pressure; RASI, renin angiotensin system inhibitor;
RVFAC, right ventricular fractional area change; SGLT2i, sodium
glucose cotransporter 2 inhibitors; TAPSE, tricuspid annular plane
systolic excursion.

1730 [1076-3518]
280 [151-769]

Table 2 summarizes the echocardiographic assessments of
shunt function at implant and at 6 and 12 month follow-up.
The number of observations decreased over time, with 75
exams at 12 months [22 patients could not be assessed: 13
due to death, 1 due to left ventricular assist device (LVAD)
placement, 1 patient withdrew from the study, and 7 missed
clinic visits due to COVID-19 or related reasons]. All evaluable
studies revealed patent shunts with continuous left-to-right
flow in 244 out of 256 examinations (95.3%), while the
remainder exhibited bidirectional flow. Bidirectional flow
tended to be intermittent, varying with respiration and asso-
ciated with a low AP (1.5 *+ 1.4 mmHg). The measurements of
Dy. and D averaged 0.45 and 0.47 cm, respectively, and
remained stable over time. For all patients and time points,
AP averaged from 4 to 5 mmHg, and the flow rate (Q) aver-
aged 1037 to 1137 mL/min without statistically significant
changes over the duration of follow-up.

Figure 3 (Central lllustration) shows representative TEE
colour and continuous wave Doppler images from a patient
with a widely patent shunt with nominal values for D,
Dframe measured» aNd Deggr at 12 month follow-up. Figure 4 illus-
trates colour Doppler images of stenotic and pseudo-stenotic
shunts and their associated measurements.

Figure 5 plots individual patient measurements of D,
Dtframe measured, and Degr at implant, and at 6 and 12 month
follow-up. Applying Dframe measured @S a correction for
non-coaxial imaging to estimate D¢ per equation (4) signifi-
cantly reduced the observed variances (P < 0.001) at implant
when stenotic shunts were not possible, and also at 6 and
12 month follow-up. A single patient had a stenotic shunt at
6 month follow-up, which was placed in the anterior/superior
part of the interventricular septum, consistent with the
location of a foramen ovale track (Figure 4). The length of
the shunt confined within the septum exceeded the shunt’s
design limits at 0.9 cm, and the right atrial side of the shunt
remained intra-septal. Although there was initial clinical im-
provement, the patient’s condition deteriorated, requiring
left ventricular assist device (LVAD) placement after 8 months,
during which the surgeon reported shunt occlusion.

There were 19 instances of pseudo-stenosis in 18 patients
(9 at implant, 6 at 6 month, and 4 at 12 month follow-up).
In 11 instances, the patient had a later follow-up TEE with a
normal D, measurement. One patient had pseudo-stenosis
at both 6 and 12 months; D, measured 0.35 cm both times
while Dg¢ remained nominal at 0.49 and 0.47 cm, respectively.

At 12 months, D¢ could not be evaluated in 30 of 82 (37%)
patients remaining in the study, but all 30 had a TEE at
6 months, during which D.s was unnarrowed at
0.48 = 0.01 cm. In these cases, the septal thickness adjacent
to the shunt was within design limits averaging
0.23 + 0.08 cm, and in all cases, the right atrial cone of the
shunt frame extended into the right atrium.
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Table 2 Echocardiographic assessments of shunt function

Implant 6 months 12 months P-value
Eligible patients
N 97 20 82
Studies analysed
TEE or TTE 97 (100%) 87 (97%) 75 (91%)
TEE 86 (89%) 69 (77%) 56 (68%)
Time to TEE, months 0 [0-0] 6.2 [5.7-6.6] 12.3[11.9-12.9]
Results
Shunt patent 97 (100%) 87 (100%) 72 (100%)° 1.000
Flow direction
Left to right 91 (94%) 85 (98%) 68 (94%) 0.895
Right to left 0 (0%) 0 (0%) 0 (0%)
Bidirectional 6 (6%) 2 (2%) 4 (6%)
Shunt thrombi 0 0 oP
Dye, MM 45+ 05 45 + 0.6 45+04 0.092
Defr, mm 4.7 + 0.1 47 £ 04 4.7 + 0.1 0.376
Cy 0.87 = 0.05 0.86 = 0.10 0.86 = 0.04 0.363
AP, mmHg 42 +29 5.1 +3.1 5.1+ 3.9 0.316
Q, mL/min 1037 + 385 1124 = 417 1137 £ 463 0.384

Data expressed as N (% eligible patients), median [IQR], or mean = SD and are inclusive of a single stenotic shunt at 6 months.

AP = mean interatrial pressure gradient; Cy4 = discharge coefficient; Do = effective diameter; D, = vena contracta diameter; Q = flow.
*Three cases with echocardiographic imaging, but no colour Doppler views of the shunt.

Thrombus seen in left atrial appendage in one patient.

Figure 6 shows TEE measured Q as a function of AP at each
time point. The correlation with CFD model estimates of Q
was improved when TEE measurements used A compared
with A, to compute flow (R% 0.98 vs. 0.80, P < 0.001). Qp:
Qs at 12 month follow-up was 1.22 + 0.12 using TEE
measured shunt flow compared with 1.24 + 0.40 by TTE
continuity equation. Although these methods yielded similar
averages (P = 0.663), the TEE shunt flow method had
improved variance (P < 0.001).

Discussion

The present study is the first comprehensive characterization
of the theoretical and in vivo performance of the Ventura®
Interatrial Shunt device using a combination of CFD simula-
tions, bench flow measurements, and invasive echocardiogra-
phy in patients with advanced HF. The results from CFD and
bench flow studies were consistent with previously validated
haemodynamic models. Serial TEE examinations at the time
of shunt implantation and at 6 month and 12 month follow-
up provided insights into the shunt’s performance under
physiological conditions and demonstrated the durability of
the shunt size with minimal late lumen loss observed during
the expected healing period.

Theoretical background

CFD simulations are powerful tools for designing and verify-
ing implantable cardiovascular devices.'* The slight differ-
ences in shunt flow between blood and saline observed in

the respective simulations and bench measurements can be
attributed to blood’s higher density and viscosity. The
coefficients of discharge cp obtained from CFD and bench
measurements were in good agreement, each averaging
0.88, and were slightly less than the published range (0.91-
0.94) for smoothed walled convergent/divergent Venturi noz-
zles at the Reynolds numbers expected during physiological
shunting.'® This is likely the result of the shunt’s more rapid
pre-orifice taper and the rougher surface of the ePTFE
encapsulant. Despite this, the shunt demonstrated less
viscous losses compared with congenital secundum atrial
septal defects, which have modelled ¢ values closer to those
of CFD modelled classical fluid mechanics flat plate orifices,
which ranges from 0.62 to 0.71.*° Flachskampf et al.*?
reported a cp of 0.72 in bench flow measurements of a flat
plate orifice with diameter 0.6 cm under physiological pres-
sure and flow conditions similar to the present bench studies.

Results for wall shear stress, exposure time, and turbulent
flow including Reynolds numbers and vorticity were consis-
tent with prior studies that correlated with a low likelihood
for haemolysis or platelet activation.*®™*° Also, these param-
eters were less severe than observed in the normal aorta, or
with pathological conditions such as mitral paravalvular leaks,
aortic stenosis, or with implanted prostheses including
LVADs.?%>"?? As there are no accepted criteria, adverse event data
from randomized controlled trials may best inform whether
there are any rheological concerns with this shunt device.

In vivo shunt performance

At implant, TEE measurements of the vena contracta
averaged 0.45 + 0.05 cm, which is lower than the effective
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Figure 3 Central illustration: Transesophageal echocardiographic (TEE) images of a widely patent shunt. Images from 12 month follow-up in a 67-year-
old male with non-ischaemic cardiomyopathy. Top: Colour Doppler short axis view showing shunt frame and locations of the vena contracta and frame
neck diameter measurements. Mid: Continuous wave Doppler through the shunt with dotted line indicating mean velocity. Bottom: Measured fluid
dynamics values. AP”, mean interatrial pressure gradient; D, effective diameter; Drame, measured diameter of the frame neck; D, diameter vena

contracta; LA, left atrium; Q, trans-shunt flow; RA, right atrium.

Shunt Frame

Dvc Dframe Deﬂ’ AP Q
0.46 0.51 0.47 9.0 1586
cm cm cm mmHg ml/min

Nominal Lumen (12 months)

diameter of 0.47-0.48 cm predicted from CFD and bench flow
studies. The likely cause is non-coplanar alignment of the
echo beam with the long axis of the shunt. Using a simple
first-order correction (Equation 4), the effective diameter
Defr at implant was 0.47 = 0.01 cm, which closely matched
theoretical simulations and bench measurements. Impor-
tantly, this adjustment significantly reduced shunt to shunt
variance of orifice diameter seen with uncorrected measure-
ments and helped to differentiate in-shunt stenosis from
pseudo-stenosis. This type of first order correction is possible
only when the shunt frame adjacent to the orifice can be

visualized and accurately measured on the 2D echo portion
of the same image containing the colour Doppler signal used
to measure D, and because the true orifice diameter of the
frame is reliably known.

There was a single instance of acquired shunt stenosis in a
patient where the thickness of the interatrial septum
exceeded the design limits established during pre-clinical
animal trials. The present study, however, shows that when
appropriately located the shunt is highly resistant to
narrowing during the first year. This contrasts with an
earlier version of the shunt which had a tri-leaflet tissue valve
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Figure 4 Colour Doppler stenotic and pseudo stenotic shunt case examples

. Top left: Short axis view of shunt with severely stenotic lumen at 6 month

follow-up. Shunt is in the anterior septum and angulated towards the posterior wall of the aorta at lower right in location of foramen ovale. Top right:

Short axis view of pseudo stenotic shunt lumen. Bottom: Table with meas

ured values. AP, mean interatrial pressure gradient; D¢ 3me, Mmeasured di-

ameter of the frame neck; D¢, effective diameter; D,., diameter vena contracta; Q, trans-shunt flow.

_Dvc """ Dframe Deff Aﬁ Q
0.09 0.29 0.16 4.0 125
cm cm cm mmHg ml/min

Stenotic Lumen (6 months)

= Dvc """ Dframe Deff Aﬁ Q
0.33 0.38 0.44 1.0 470
cm cm cm mmHg ml/min

Pseudo-Stenotic Lumen (6 months)

Figure 5 In vivo shunt orifice dimensions over time. Graphs showing indi

vidual patient transesophageal echocardiographic (TEE) measurements of

vena contracta, frame neck, and effective diameters at implant and at 6 and 12 month follow-up. The stenotic threshold (red dashed line). Blue circles

. below this line indicate that the shunt orifice size was artifactually redu

ced due to non-coaxial imaging (pseudo stenotic). The red triangle 4 rep-

resents a single patient with a stenotic shunt at 6 month follow-up. That patient exited the study upon receiving a left ventricular assist device (LVAD)
at 8 months at which time the shunt was occluded. Mean + standard deviation values are exclusive of stenotic shunt.
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sutured to the right atrial side of the frame. That device had
an ~50% rate of narrowing or occlusion by 12 months in
humans, which was caused by pannus growth from the
abluminal shunt surface extending into the valve
commissures.”*

Minimal late luminal loss observed in this study may be
attributed to the combination of optimized shunt materials
and geometry promoting more favourable host healing re-

sponses to vascular injury in the presence of foreign bodies.
Clowes et al. demonstrated that less porous ePTFE vascular
grafts, with internodal distance of 30 p (like the shunt de-
vice) were eventually covered with neointima comprising
fibroblasts, smooth muscles cells, and endothelium growing
translationally from the adjacent artery along the lumen of
the grafts.?>?* It took up to 12 months to heal 6-9 cm long
grafts in primates. When using ePTFE with 60 p internodal
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Figure 6 In vivo shunt flow/pressure relationship over time. Scatter plots showing transesophageal echocardiographic (TEE) measured shunt flow Q as
a function of the mean interatrial pressure gradient AP~ at implant and at 6 month and 12 month follow-up. Top row: Q calculated using the vena
contracta diameter (D,.). Bottom row: Q calculated using the effective diameter (Def). Individual patient data . (blue circles), with population
means * standard deviations (blue crosses with error bars). The red triangle A represents a single patient with a stenotic shunt at 6 month
follow-up. Patient data are compared with the model derived from computational fluid dynamics simulation (black curves).
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10 15 20 25 0 5 10 15 20 25
AP, mmHg

distance, capillaries derived from abluminal granulation
tissue penetrated the graft matrix providing multiple
sources for transmural smooth muscle cell migration,
proliferation and extracellular matrix deposition on the
luminal surface.?® Thick pannus overgrowth during the first
6 tol2 months has also been shown to interfere with the
fidelity of a transeptally implanted left atrial pressure
sensor in animals and humans.?®?” Modifying the geometry
of the device to position the sensing diaphragm several
millimetres into the left atrium eliminated the problem.
The shunt’s encapsulated hourglass geometry establishes
that the minimal distance for translational tissue growth
required to reach the orifice exceeds 4 mm. Animal testing
has confirmed that pannus growth is indeed translational,
not transmural, and that the thickness of the neointima
greatly diminishes prior to reaching the luminal surface of
the shunt’s orifice, which eventually is covered by a thin
layer of neoendothelium.*

A key finding was that the shunt’s flow versus pressure re-
lationship measured by TEE closely matched fluid dynamics
theory, validating this quantitative imaging modality for
characterizing shunt performance both acutely and longer
term. Expressing shunt patency simply as a binary (flow vs.
no flow) parameter may be misleading since as in this study,

a shunt was labelled patent even in the presence of severe,
flow-limiting stenosis.

Lastly, the optimal interatrial shunt size for treating HF
should strike a good balance between left ventricular
unloading while avoiding right ventricular volume overload.
The 0.51 cm orifice size shunt reliably yielded a Qp:Qs averag-
ing 1.22. This orifice size in the earlier version of this shunt
showed promise in a controlled ovine model of ischaemic car-
diomyopathy, resulting in improvements in both left and right
ventricular performance when the shunt remained patent.?®
Moreover, first in human experience with that shunt verified
that when the vena contracta diameter was maintained,
improvements in LV function and haemodynamics without
deterioration of right ventricular function were observed at
12 month follow—up.4 Thus, a small shunt with a durable
orifice size may be beneficial and tolerated in HF patients
who often have pre-existing right ventricular dysfunction.

Limitations
The limitations of two-dimensional TEE imaging for vena

contracta assessment and acoustic artefacts from the
metallic shunt frame may have affected the accuracy of some
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measurements.?* 3! Three-dimensional TEE could potentially
mitigate these limitations.>>® Also, the correction of using
known frame geometry to compensate for TEE beam
misalignment could yield spurious results if the shunt’s
lumen cross section were asymmetrically narrowed. Finally,
we cannot exclude the possibility that there were
alterations of the shunts in the patients who could not be
assessed at follow-up. These limitations notwithstanding,
the overall approach of using fluid dynamic theory and TEE
imaging over 12 months provided robust insights for evaluat-
ing performance and physiology of this interatrial shunt
device.

Conclusions

This study demonstrated concordance between CFD simula-
tions, bench flow testing, and TEE measurements in patients
with advanced HF implanted with the Ventura interatrial
shunt. The shunt remained functional and widely patent with
minimal late lumen loss after 1 year of follow-up, supporting
its potential as a durable and well-balanced therapeutic
option. Further clinical safety and effectiveness data from
the RELIEVE-HF randomized cohort is expected in 2024 and
may provide additional confirmation into the device’s perfor-
mance in HF patients.
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