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Abstract

Aims Interatrial shunting (IAS) reduces left atrial pressure in patients with heart failure. Several clinical trials reported that
IAS improved the New York Heart Association score and exercise capacity. However, its effects on haemodynamics vary de-
pending on shunt size, cardiovascular properties, and stressed blood volume. To maximize the benefit of IAS, quantitative pre-
diction of haemodynamics under IAS in individual patients is essential. The generalized circulatory equilibrium framework
determines circulatory equilibrium as the intersection of the cardiac output curve and the venous return surface. By incorpo-
rating IAS into the framework, we predict the impact of IAS on haemodynamics.

Methods and results In seven mongrel dogs, we ligated the left anterior descending artery and created impaired cardiac
function with elevated left atrial pressure (baseline: 7.8 + 1.0 vs. impaired: 11.9 £ 3.2 mmHg). We established extracorporeal
left-to-right atrial shunting with a centrifugal pump. After recording pre-IAS haemodynamics, we changed IAS flow stepwise to
various levels and measured haemodynamics under IAS. To predict the impact of IAS on haemodynamics, we modelled the
fluid mechanics of IAS by Newton’s second law and incorporated IAS into the generalized circulatory equilibrium framework.
Using pre-IAS haemodynamic data obtained from the dogs, we predicted the impact of IAS flow on haemodynamics under IAS
condition using a set of equations. We compared the predicted haemodynamic data with those measured. The predicted pul-
monary flow [r* = 0.88, root mean squared error (RMSE) 11.4 mL/min/kg, P < 0.001), systemic flow (r* = 0.92, RMSE 11.2 mL/
min/kg, P < 0.001), right atrial pressure (r* = 0.92, RMSE 0.71 mmHg, P < 0.001), and left atrial pressure (r* = 0.83, RMSE
0.95 mmHg, P < 0.001) matched well with those measured under normal and impaired cardiac function. Using this framework,
we further performed a simulation study to examine the haemodynamic benefit of IAS in heart failure with preserved ejection
fraction. We simulated the IAS haemodynamics under volume loading and exercise conditions. Volume loading and exercise
markedly increased left atrial pressure. IAS size-dependently attenuated the increase in left atrial pressure in both volume
loading and exercise. These results indicate that IAS improves volume and exercise intolerance.

Conclusions The framework developed in this study quantitatively predicts the haemodynamic impact of IAS. Simulation
study elucidates how IAS improve haemodynamics under volume loading and exercise conditions. Quantitative prediction of
IAS haemodynamics would contribute to maximizing the benefit of IAS in patients with heart failure.
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Introduction

The number of patients with heart failure (HF) is increasing
with aging of the population. Regardless of the underlying
aetiology of HF, 70-90% of patients with acute decompen-
sated HF present with pulmonary congestion resulting from
elevated left atrial pressure (P4).%® Frequent occurrence of
acute decompensated HF leads to progressive deterioration
of cardiac function and quality of life, resulting in poor sur-
vival outcome.* Therefore, we need new strategies to pre-
vent the acute elevation of Py, in patients with HF.

Interatrial shunting (IAS) by transvenous catheter tech-
nique has been developed recently.>® IAS translocates blood
volume from the pulmonary circulation to the systemic circu-
lation and prevents the acute increase in P 5. The degree of
volume translocation depends on the pressure gradient be-
tween P, and right atrial pressure (Pga). The interatrial shunt
device system (IASD®), which was developed by Corvia Med-
ical, Inc., is composed of left and right atrial discs (19 mm
outer diameter) with an 8 mm communication. In a Phase 2
trial (REDUCE LAP-HF 1), Feldman et al.® reported that IASD®
improved the NYHA score, increased the distance of 6 min
walk, and attenuated the increase in pulmonary capillary
wedge pressure (PCWP) during exercise. In contrast, IAS
had little effect on PCWP or systemic flow (Qg) at rest in pa-
tients with HF and preserved ejection fraction (HFpEF). The V-
Wave® device (V-Wave Ltd.) with a 5.1 mm inner diameter is
designed to prevent right-to-left atrial flow. In a Phase 1 clin-
ical trial, Del Trigo et al.” reported that the V-Wave® system
improved the NYHA score and the distance of 6 min walk in
patients with HF and reduced ejection fraction (HFrEF). Be-
cause various conditions other than the IAS size, such as right
and left cardiac function, vascular properties, and stressed
blood volume, may also affect the haemodynamic impact of
IAS, the benefit of IAS varies among patients with HF. Wessler
et al.® reported that IASD® suppressed PCWP during exercise
to a greater extent in patients with high PCWP at rest than in
those with low PCWP. However, we do not have an
established method or a single marker that detects responder
or non-responder to IAS or indicate the appropriate device
size for individual patients with HF. Quantitative prediction
of the impact of IAS on haemodynamics is crucial and may al-
low appropriate selection of patient and device.

Guyton® proposed that the intersection of the cardiac
output (CO) curve, and the venous return curve represents
the circulatory equilibrium. Sunagawa et al.*® extended this
framework to include the pulmonary circulation by intro-
ducing P.a and representing the CO curves and venous re-
turn as a function of Pgy and Pya. They derived the
analytical representation of the CO curve using the frame-
work of ventricular arterial coupling and the venous return
surface using the resistance-compliance distributed circuit
(generalized circulatory equilibrium). The generalized circu-
latory equilibrium enabled us to predict haemodynamics

under extracorporeal left
ventricular assist device.

Using the concept of generalized circulatory equilibrium,
we developed a simple framework to predict the impact of
IAS on haemodynamics aiming to optimize IAS therapy in in-
dividual patients with HF. We validated the framework using
a dog model of IAS with graded changes of the left to the

right atrial shunt flow.

membrane oxygenation and
11-14

Methods
Theoretical considerations

Because IAS does not directly change the cardiac function or
vascular properties, we consider that IAS haemodynamics can
be modelled by simply applying the equation: Qias = Qp — Qg
in generalized circulatory equilibrium, where Qs is the shunt
flow, Qp is pulmonary flow, and Qg is systemic flow.

We derived the integrated CO curves from the left and
right CO curves. In the left heart, the CO curve is a simple log-
arithmic function of P52 as follows:

Qs = S|_[|n(P|_A — FL) =+ HL] (1)
where S, F, and H_ are empirical parameters of the left
heart. The values of F, and H, used in this study are 2.03
and 0.8, respectively, based on a previous report.”” In the
right heart, the downstream pressure of the pulmonary ar-
tery, that is, P_a, is not negligibly small relative to the mean
pulmonary arterial pressure. We previously reported that
the downstream pressure could be incorporated into the
CO curves by the following equation™'*:

Qp = Sg[In(Pra — Fr) + Hg] — ’IRﬂPLA (2)

p

where Sg, Fg, and Hi are empirical parameters of the right
heart, RVEF, is effective RV ejection fraction, and Rp is pulmo-
nary vascular resistance. In this study, we set Fg = 2.13,
Hg = 1.9, and RVEF, = 0.6 for normal RV function, and R-
p = 0.1 mmHg/mL/min/kg for normal pulmonary circulation
as reported previously.”>'+"

We previously reported that in a distributed
resistance-compliance vascular model, the following equa-
tions represent the stressed blood volume of the systemic cir-
culation and pulmonary circulation®*:

Vs = WsQs + CsPra (3)
Vp = WpQp + CpPra (4)
Vi =Vs+Vp (5)

where Vs, Vp, and Vy are stressed blood volume of systemic
circulation, pulmonary circulation, and the sum of the two,
respectively. Ws, Wp, Cs, and Cp are vascular parameters, re-
spectively. We set Ws = 0.106 min, W, = 0.024 min,
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Cs = 2.53 mL/mmHg/kg, and Cp = 0.45 mL/mmHg/kg from
previous reports."131516

We used Newton’s second law to model the IAS fluid dy-
namics as follows™”:

Qias = Qp — Qs (6)

2(Pia — Pra)
p

Qias = CySias (7)

where Qyas, Cq4, Sias, and p are IAS flow, discharge coefficient,
cross-sectional area of IAS, and density of blood, respectively.
We set C4 = 0.74 (unitless) and p = 1.05 g/cm? as reported
previously.”"® Once we have determined S, Sg, and V;, we
can predict IAS haemodynamics by simultaneously solving
these seven equations. Details of the calculation are given
in the Supporting Information.

Animal preparation

We used seven adult mongrel dogs weighing 14.3-17.9 kg.
The investigation conforms to the Guide for the Care and
Use of Laboratory Animals published by the US National Insti-
tutes of Health (NIH Publication No. 85-23, revised 1985). The
Committee on Ethics of Animal Experiments at Kyushu Uni-
versity Graduate School of Medical Sciences approved the
experiments.

We induced anaesthesia with intravenous pentobarbital
sodium (25 mg/kg) and pancuronium bromide (0.08 mg/kg),
performed endotracheal intubation, and maintained an ap-
propriate anaesthesia level during the experiment by contin-
uous infusion of isoflurane (1-2%). We kept body
temperature between 37°C and 38°C. We bilaterally dener-
vated the carotid sinuses and vagotomised to abolish the
neural reflexes including baroreflex. We inserted a 5Fr sheath
into the right femoral artery to measure arterial pressure
(AP). We inserted a high-fidelity micromanometer (Millar In-
struments, Houston, TX) into LV through the free wall. We
inserted a pair of draining cannula and fluid-filled catheters
each into the left (LA) and right atria (RA). We connected
the fluid-filled catheters to pressure transducers (model DX-
360; Nihonkohden, Tokyo, Japan) to measure P 4 and Pga.
We connected the two cannulas via a centrifugal pump
(CBBPX-80; Medtronic, Minneapolis, MN) to mimic IAS and
mounted an in-line ultrasonic flowmeter (model XL; Tran-
sonics, Ithaca, NY) in the circuit to measure Qa5 continuously.
We also placed an ultrasonic flowmeter (model PSB; Tran-
sonic, Ithaca, NY) around the ascending aorta to measure
Qs (Supporting Information, Figure S1). We estimated Qp as
the sum of Qg and Qas (Qp = Qias + Qs).

Experimental protocols

Under normal conditions, we first clamped the shunt circuit
(Qias = 0) and recorded baseline Qs, Qp, P a, and Pga (Figure
7). Using the baseline haemodynamic data, we estimated S,
Sg, and Vy from equations 1-5. We changed Qa5 stepwise
to vary the ratio of the pressure gradient between P 4 and
Pra, t0 Quas at 90, 60, 30, and 10 x 10~> mmHg/mL/min/kg.
In each step, after waiting for 1 min, we recorded Qs, Qjas,
P.a, and Pga for 10 s. Because we created an artificial shunt,
we estimated effective S;as from Qs and the pressure gradi-
ent between P 4 and Pga using equation 7. We predicted Qs,
Qp, P, and Pgp from S, Sg, V1, and S;as and compared the
predicted values with those measured.

After the experiment in the normal heart condition, we li-
gated the left anterior descending artery to create impaired
cardiac function. One hour after the left anterior descending
artery ligation, we repeated the same protocol as described
above.

Computational simulation

Flash pulmonary oedema is a cardinal feature of HFpEF and is
caused by an acute increase of P, after volume loading or
exercise.’®?° HFpEF may be a good indication for IAS inter-
vention because IAS prevents the acute increase in Pia. To
elucidate the haemodynamic benefits of IAS in HFpEF pa-
tients, we performed a computational simulation study of
haemodynamics with IAS under volume loading and exercise
conditions in HFpEF patients using the proposed framework.

We determined the haemodynamic parameters of HFpEF
patients based on previous reports as follows. Maeder et al.?*
and Kaye et al.?* simulated exercise haemodynamics with IAS
using a multi-factor haemodynamic model. To determine the
CO curve, we used the following equation that we reported
previously.*%?3

1 Ees

~ kEes
— 4R
HR+

co

(In(Pa — F) +H) (8)

where E., HR, R, P,, are end-systolic elastance of ventricles,
heart rate, resistance, and atrial pressure of systemic or pul-
monary circulation, respectively; k is the stiffness component
of the ventricle. F and H are constants of the CO curve. We
used equations 3—5 to determine the venous return surface.
First, we determined E., R, and HR based on the simulation
report of Kaye et al.*> We set F to 0 to simplify the equation.
The remaining parameters, that is, k, H, W, and C, were de-
termined to reproduce the haemodynamics according to pre-
vious reports.>"*?

To simulate the exercise condition based on the report of
Kaye et al.,*®> we increased E., heart rate and stressed vol-
ume; decreased resistance; and assumed the exercise
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FIGURE 1 Experimental design to verify the accuracy of haemodynamic prediction. We determined S, Sg, and total stressed blood volume (V) under
baseline conditions. Then, we changed Qias and determined S;as from the left and right atrial pressure gradient and shunt flow (Qas). We predicted
pulmonary flow (Qp), systemic flow (Qg), right atrial pressure (Pgra), and left atrial pressure (P A) using the framework and compared the predicted
values with measured. S, and Sg are slopes of cardiac output (CO) curves; F,, H,, Fg, and Hg are empirical parameters of the left and right heart;
Ws, W5, Cs, and Cp are vascular parameters. Cq, discharge coefficient; Rp, pulmonary vascular resistance; RVEF,, effective right ventricular ejection frac-
tion; Sas, functional cross-sectional area of interatrial shunt (IAS); Vp, pulmonary stressed blood volume; Vs, systemic stressed blood volume; V, total

stressed blood volume; p, the density of blood.
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F., Hy, Fr, Hg, RVEF,, Ry, W, C, Wy, C,, Cy, and p are constants

intensity to be 0.63 W/kg, which was the limiting exercise
intensity.?! We changed these parameters (Eo, heart rate,
stressed volume, and resistance) linearly from 0 to 1 W/kg
work rate. Details of the simulation parameters are given in
the Supporting Information.

Protocol for the simulation study

In the volume loading simulation, we set baseline Qg at 5.3 L/
min by changing stressed blood volume for various shunt
sizes ranging from 0 to 20 mm in diameter. We then loaded
blood volume until 1000 mL. In the exercise simulation, we
set the same baseline as the volume loading simulation and
changed exercise-related parameters according to the work
rate from 0 to 1 W/kg.

Data analysis

We digitized all data at 200 Hz using a 16-bit analogue to dig-
ital converter (Power Lab 16/35; ADInstruments, NSW,
Australia) and stored in a dedicated laboratory computer sys-
tem. We averaged digitized data over 10 s when time-series
data reached a steady state.

Statistical analysis

We expressed data as mean = SD and used paired t-test to
compare haemodynamics before and after the left anterior
descending artery ligation. Repeated measures ANOVA was
used for comparison of haemodynamic data under various
IAS conditions. Differences were considered significant at
P < 0.05. We performed the statistical analysis using R
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version 3.4.3 (R Foundation for Statistical Computing, Vienna,
Austria).

Results
Creation of impaired cardiac function in dogs

Table 1 shows haemodynamics before (Normal) and after in-
duced myocardial infarction (Impaired). We determined S,
Sg, and V; using haemodynamic data under Normal and Im-
paired conditions. Myocardial infarction significantly in-
creased Ps and Pgs and decreased S,. In contrast,
myocardial infarction did not change Sg significantly. V;
remained unchanged irrespective of the induction of myocar-
dial infarction.

Prediction of IAS haemodynamics

Figure 2 shows the representative time series of IAS
haemodynamics. Increases in Qs decreased AP, P.,, and
Qs, but increased Pga. At maximum Qs [(PLa — Pra)/Q-
as = 10 x 1072 mmHg/mL/min/kg], the pressure difference
between P, and Pga was <1 mmHg. Haemodynamic data
during IAS are summarized in Supporting Information, Table
S1. As described in the Methods section, we determined S,
Sg, and V1 and predicted haemodynamics at various levels
of IAS flow. Figure 3 demonstrates the relationship between
predicted and measured Qp, Qg, Pra, and Pia. The narrow er-
ror distributions and 95% confidence intervals show reason-
able accuracy of the proposed framework.

Computational simulation study

Illustrated in Figure 4 is the simulated IAS haemodynamics
during acute volume loading in HFpEF. Volume loading

Table 1 Haemodynamics under normal and impaired left ventricu-
lar function

Normal Impaired
AP (mmHg) 119.3 +£ 25.8 126.2 = 21.0
HR (b.p.m.) 147.9 = 23.7 141.6 + 18.5
Pia (mmHg) 7.8 1.0 11.9+3 2*
Pra (MmHg) 55+ 1.0 6.4 +1.2
CO (mL/min/kg) 100.6 = 30.0 89.3 £ 35.9
Predicted S; (mL/min/kg) 50.0 £ 17.7 37.0 + 16.6
Predicted Sg (mL/min/kg) 80.0 = 26.2 77.9 = 32.1
Predicted V1 (mL/kg) 30.5+ 2.5 33.0+2.6

Data are expressed as mean = SD. S, and Si are parameters of the
logarithmic function for left and right hearts, respectively. AP, arte-
rial pressure; CO, cardiac output; HR, heart rate; P 4, left atrial pres-
sure; Pra, right atrial pressure; V, total stressed blood volume.

P < 0.05.

FIGURE 2 Representative time series data of interatrial shunt (IAS)
haemodynamics. We increased IAS flow (Qas) stepwise by changing the
speed of the centrifugal pump. The increase in IAS flow decreases arterial
pressure (AP), left atrial pressure (P.a), and systemic flow (Qs), but in-
creases right atrial pressure (Pra).
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markedly increased venous pressures (Pra and P 4) (Figure
4C and D) but marginally increased CO (Qp and Qg) (Figure
4A and B), illustrating volume intolerance in HFpEF patients.
IAS size-dependently attenuated the increase in P 5 (Figure
4D), implying that IAS improves volume tolerance at the ex-
pense of increased Pgp (Figure 4C) and Qp (Figure 4A). The
P a-suppressing effect diminished when the IAS size was
8 mm or larger (Figure 4E).

Figure 5 illustrates the simulated IAS haemodynamics dur-
ing exercise in HFpEF. As in the case of volume loading, IAS
attenuated the increase in P, (Figure 5D and E).
Exercise-induced increases in E.s and heart rate and decrease
in resistance could lower P 5. However, exercise-induced in-
crease in stressed volume counteracts these P 5-lowering ef-
fects and increases P a. These results imply that volume
intolerance of HFpEF leads to an increase in P, during
exercise.

Discussions

In this study, we proposed a framework to predict the hae-
modynamic impact of IAS. In a dog model of IAS, the frame-
work predicted haemodynamics under various IAS flow
rates reasonably well in both normal and impaired cardiac

ESC Heart Failure 2020; 7: 3075-3085
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FIGURE 3 Accuracy of prediction. Top panels show the relation between predicted and measured values for pulmonary flow (Qp), systemic flow (Qs),
left atrial pressure (P ), and right atrial pressure (Pga). Twenty-eight data sets obtained from six dogs were plotted. Bland—Altman plots (bottom) show
acceptable agreement. Open circles and filled circles represent haemodynamics under normal and impaired cardiac function, respectively. Solid lines
and dashed lines represent the regression lines and 95% confidence intervals, respectively. r*, coefficient of determination; RMSE, root mean squared
error; LOA, limit of agreement (mean + 1.96 SD).
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function. Computational simulation study indicated that IAS
below 20 mm in diameter size-dependently attenuated the
increase in P 4 in both volume loading and exercise loading
under the HFpEF conditions.

Prediction of interatrial shunting haemodynamics
by generalized circulatory equilibrium

In theory, IAS does not alter Sg, S;, pumping ability of the
heart, V;, or total stressed blood volume. However, IAS
translocates the stressed blood volume from the pulmonary
to the systemic circulation, depending on the pressure gra-
dient between the right and left atria as well as IAS size.
Thus, we modelled IAS haemodynamics by the shunt flow
from the systemic circulation to the pulmonary circulation
(Qas = Qp — Qg) in generalized circulatory equilibrium. As
shown in Figure 3, the proposed framework can predict
IAS haemodynamics under various shunt flow rates

irrespective of cardiac function. It is well known that the
generalized circulatory equilibrium accurately describes the
overall integrated haemodynamics, which is defined by
the pressure and flow of the right and left heart. Once
we established the model using haemodynamic parameters
in a given condition, we could predict haemodynamics un-
der various conditions such as myocardial infarction, blood
volume gain and/or loss, extra-corporeal membrane oxy-
genation, and left ventricular assist device.’>** The results
of this study also support the robustness of generalized cir-
culatory equilibrium.

Except for severe HF, Qs hardly decreases because the ox-
ygen demand of the whole body determines Qs. Therefore,
the presence of IAS may not reduce Qs or P, at rest. In con-
trast, IAS attenuates the P, elevation against the increase of
venous return to the left atrium. Because the slope of the CO
curve is much steeper in the right ventricle than the left ven-
tricle, the increase in Pga by IAS may be small compared with
the decrease in Pga.
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FIGURE 4 Volume loading simulation. Baseline stressed volume is set at systemic flow (Qs) = 5.3 L/min for several interatrial shunt (IAS) sizes. The x-
axis shows the loading volume. The y-axis shows IAS size. Volume loading increases pulmonary flow (Qp) (A), Qs (B), right atrial pressure (Pga) (C), and
left atrial pressure (P_a) (D). The relationship between P 5 and IAS size under volume load of 0, 500, and 1000 mL (E). Dotted lines, broken lines, and
solid lines represent 0, 500, and 1000 mL of loading volume, respectively. IAS significantly antagonizes the increase in P , in a size-dependent manner.
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Real-world validation

In order to validate the clinical feasibility of our proposed
framework, we applied the data from the REDUCE LAP-HF |
trial®® to our framework and compared the predicted values
with those measured. To apply the clinical data to the simula-
tion, we had to incorporate some assumptions into the
framework. Pga and P, were substituted by central venous
pressure (CVP) and PCWP, respectively. Cq for clinical IAS
was calculated from post-IAS pressure gradient (PCWP-
CVP), Qias, and equation 7 in the theoretical considerations
section. We also assumed patients’ height to be 170 cm
and adjusted the body weight to match the mean BMI in
the original data.®

We predicted post-IAS haemodynamics using baseline
haemodynamics [CO, PCWP, CVP, systemic vascular resis-
tance (Rs), and Rp]. As shown in Table 2 (constant Vy), we
succeeded to predict the trend of haemodynamic changes af-
ter IAS. The predicted arterial pressure (AP), Qs, and P4 are
lower than those measured at 6 months after IAS. Because
our proposed framework predicts acute haemodynamic
change after IAS, altered V; in the chronic phase may contrib-
ute greatly to those differences. Considering this possibility,

we adjusted post-IAS V; so that mean post-IAS AP equalled
that at baseline (adjusted V) and obtained better prediction
of haemodynamics.

Optimization of interatrial shunting for clinical
application

We predicted post-IAS haemodynamics using pre-IAS CO, P,,,
and Pga. Because these parameters are generally available in
clinical settings, we can predict post-IAS haemodynamics in
each patient. It is well known that responders and
non-responders to IAS therapy exist because several cardio-
vascular properties determine the impact of IAS on
haemodynamics. In addition, recent device development
has allowed selection of several sizes of IAS. Because the
IAS size also affects the degree of PCWP and systemic CO re-
duction, we need to choose the optimal device size according
to cardiovascular properties, volume status, and body size in
an individual patient with HF. The framework that we devel-
oped makes it possible to predict the haemodynamics after
IAS and assess patient-specific haemodynamic risks such as
post-IAS low CO, high pulmonary flow causing pulmonary

ESC Heart Failure 2020; 7: 3075-3085
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FIGURE 5 Exercise simulation studies. We adjusted baseline stressed volume so that systemic flow (Qs) was 5.3 L/min regardless of interatrial shunt
(IAS) size. The x-axis shows exercise intensity. The y-axis shows the intra-atrial shunt (IAS) size. Exercise increases pulmonary flow (Qp), Qs, right atrial
pressure (Pgra), and left atrial pressure (P ). The relationship between P , and IAS size under the exercise load of 0, 0.5, and 1 W/kg (E). The dotted line,
broken line, and solid line represent 0, 0.5, and 1 W/kg of exercise intensity, respectively. IAS significantly attenuates the increase in P, in a

size-dependent manner.
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hypertension, and worsening of right HF, which contributes
to the selection of patient and IAS size.

Kaya et al.?? reported exercise haemodynamics in the pres-
ence of IAS using a multi-element haemodynamic model. Be-
cause they adjusted model parameters from human mass
haemodynamic data, they did not address haemodynamic
simulation in individual patients. Our proposed framework
that allows prediction of patient-specific post-IAS

Table 2 Prediction of IAS haemodynamics from real-world data

Prediction from pre-IAS
Adjusted Vy

Baseline Measured Constant V;

Qp/Qs — 1.27 1.27 1.26

Qp (L/min) 4.6 6.1 5.5 5.6

Qs (L/min) 4.6 4.8 4.3 4.5

AP (mmHg) 96 97 91 (96 = Baseline)
Pia (MmHg) 17.4 16.5 14.4 16.0

Pra (MmHg) 9.0 10.6 9.6 11.4

Data are expressed as mean =+ SD. AP, atrial pressure; IAS,
interatrial shunt; P4, left atrial pressure; Pra, right atrial pressure;
Qp, pulmonary flow; Qs, systemic flow; Vi, total stressed blood
volume.

haemodynamics using pre-IAS haemodynamic data is poten-
tially applicable for IAS management in the clinical setting.

The results of previous clinical trials®® indicate that HFpEF
is a good indication for IAS because rapid pulmonary conges-
tion is a cardinal manifestation of HFpEF. In our simulation of
HFpEF conditions, although baseline haemodynamics is rela-
tively normal, volume loading or exercise significantly in-
creases P 5 to above the critical level (Figures 4 and 5). IAS
markedly attenuates the increase in P 4. Interestingly, IAS
does not mitigate Qs during volume loading or exercise much.
To elucidate the relationship among the severity of diastolic
dysfunction in HFpEF, IAS size, and clinical benefit of IAS,
we further simulated the exercise capacity after IAS place-
ment at various levels of diastolic function and IAS sizes.

In reference to Figure 6, we altered diastolic function by
changing the stiffness component (k) at three levels and con-
ducted the same simulation study, as shown in Figure 5. An
increase in k decreased CO and increased P o. We defined
the exercise capacity by the peak exercise level when P 5
reached 28 mmHg.?%?* As shown in Figure 6, in mild HFpEF,
P.a never reached the Py, threshold when IAS size was over
5 mm. In moderate HFpEF, IAS size-dependently increased
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FIGURE 6 The relationship between the exercise capacity and IAS diam-
eter under various degrees of diastolic dysfunction in heart failure with
preserved ejection fraction (HFpEF) in simulation study. We assumed left
atrial pressure (P_a) = 28 mmHg as the exercise capacity under IAS (A) and
compared the exercise capacity among three levels of diastolic dysfunc-
tion in HFpEF condition (B). We altered diastolic function in HFpEF by
changing k, which represents the ventricular stiffness and governs the
curvilinearity of the cardiac output curve (mild = 1.23, moderate = 1.3, se-
vere =1.35). See text Area not definedMethods section for detail, regard-
ing the definition of the intensity of exercise (0 to 1 W/kg). In mild HFpEF,
P.a does not exceed 28 mmHg by exercise under 1 W/kg when IAS size is
over 5 mm. IAS strikingly increases exercise capacity, especially in moder-
ate HFpEF. In severe HFpEF, IAS increases exercise capacity slightly. The
solid line represents mild HFpEF, broken line represents moderate HFpEF,
and dotted line represents severe HFpEF.

Exercise capacity

1 /
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peak exercise. However, in severe HFpEF, the beneficial im-
pact of IAS on exercise capacity was marginal because of high
baseline P 5 (24.7 mmHg). These results indicate that IAS im-
proves exercise capacity, especially in mild to moderate
HFpEF conditions. Our simulation results are consistent with
previous clinical trials.>™®

Regarding clinical feasibility, we need to consider
IAS-induced increment of Qp at rest. Increasing shear stress
due to high Qp increases the expression of proliferative genes
and causes endothelial dysfunction, leading to pulmonary
hypertension.>® Therefore, shunt closure is recommended
for atrial septal defect patients with Qp/Qs > 1.5.%° As our
proposed prediction method only addresses the acute effect,
we have to consider various factors including age, severity of
pulmonary hypertension, and right heart function for
long-term risk stratification after 1AS placement.

Our proposed framework could simulate the effect of IAS
on haemodynamics in various cardiac conditions and pertur-
bations (volume loading and exercise). Individualized quanti-
tative prediction of the effect of IAS contributes to the
optimization of IAS therapy.

Limitations
There are several limitations to this study. First, we con-

ducted experiments using anaesthetised and open-chest
dogs. Anaesthesia and surgical intervention change the

cardiovascular system via the autonomic nervous system,
blood volume loss, and artificial ventilation. We need to ex-
amine the feasibility of the framework under conscious condi-
tion to translate this method to clinical practice. Second, we
mimicked IAS by creating a shunt flow using a centrifugal
pump. Although mimicked IAS was anatomically different
from clinical 1AS, we adjusted the shunt flow rate according
to the pressure gradient between left and right atria to simu-
late the different sizes of IAS. Third, to evaluate the impact of
interatrial shunt flow on haemodynamics, we created an ex-
ternal shunt flow wusing a centrifugal pump. The
pump-generated shunt flow in the animal model was unidi-
rectional and constant and was different from the bidirec-
tional and pulsatile IAS flow in patients in terms of fluid
dynamics. This difference may affect the Cq (discharge coeffi-
cient) in equation 7. Because we used previously reported Cq,
the accuracy of prediction of static haemodynamics by our
framework should not have been affected. Nevertheless, fur-
ther investigation may be needed to establish an appropriate
mathematical model of IAS considering fluid dynamics to im-
prove our IAS framework. Finally, we did not study the
chronic effect of IAS, for example, ventricular remodelling. Al-
though we speculate that the prediction in the acute phase
may provide the beneficial effects in the chronic phase, fur-
ther studies are needed to clarify the usability of the predic-
tion for chronic IAS management.

Conclusions

In  conclusion, we predicted the impact of IAS on
haemodynamics reasonably well using the generalized circu-
latory equilibrium. Simulation study reveals how IAS attenu-
ates the elevation of P, during volume loading conditions
and exercise. Computational prediction of haemodynamics
before the creation of an IAS would contribute to maximizing
the benefit of IAS.

Acknowledgements

The authors thank Mr. Takuya Akashi and the staff of the De-
partment of Cardiovascular Medicine, Kyushu University for
technical support.

Conflict of interest

Nishikawa T., Uike K., Uemura K., Tohyama T., and Yoshida K.
have nothing to declare. Saku K. and Kishi T. worked in a de-
partment endowed by Omron Healthcare Co. Saku K. re-
ceived honoraria from Japan ABIOMED Inc. Sunagawa K.
worked in a department endowed by Omron Healthcare Co.

ESC Heart Failure 2020; 7: 3075-3085
DOI: 10.1002/ehf2.12935



3084

T. Nishikawa et al.

and Actelion Pharmaceuticals Japan. Tsutsui H. received hon-
oraria from Daiichi Sankyo, Inc., Otsuka Pharmaceutical Co.,
Ltd., Takeda Pharmaceutical Company Limited, Mitsubishi
Tanabe Pharma Corporation, Boehringer Ingelheim Japan,
Inc., Novartis Pharma K.K, Bayer Yakuhin, Ltd.,
Bristol-Myers Squibb KK, and Astellas Pharma Inc., and re-
search funding from Omron Healthcare Co, Actelion Pharma-
ceuticals Japan, Daiichi Sankyo, Inc., and Astellas Pharma Inc.

Funding

This work was supported by Research and Development of
Supportive Device Technology for Medicine Using ICT
(18he1102003h0004), AMED-SENTAN; Development of
Advanced Measurement and Analysis Systems
(18hm0102041h0003), Grant-in-Aid for Early-Career Scien-

References

tists (18K15893, 19K20690, and 19K17529) from the Japan
Society for the Promotion of Science, the research grant from
Omron Healthcare Co., and the Japan Foundation for Applied
Enzymology (VBIC: Vascular Biology of Innovation).

Supporting information

Additional supporting information may be found online in the
Supporting Information section at the end of the article.

Data S1. Supporting Information

Table S1. Haemodynamics under mimicked interatrial shunting
Table S2. Values of model parameters that vary during exercise.
Table S3. Values of model parameters that are constant during exercise.
Figure S1 Supporting Information

1. Lackland D. Heart disease and stroke

statistics—2017 update: a report from
the American Heart Association. Circula-
tion 2017; 135: e146-e603.

. Fonarow GC. The Acute Decompensated
Heart Failure National Registry (AD-
HERE): opportunities to improve care
of patients hospitalized with acute de-
compensated  heart failure.  Rev
Cardiovasc Med 2003; 4: S21-S30.

. Schiff GD, Fung S, Speroff T, McNutt RA.
Decompensated heart failure: symp-
toms, patterns of onset, and contributing
factors. Am J Med 2003; 114: 625-630.
. Goodlin SJ. Palliative care in congestive
heart failure. J Am Coll Cardiol 2009;
54: 386-396.

. Hasenfub G, Hayward C, Burkhoff D,
Silvestry FE, McKenzie S, Gustafsson F,
Malek F, Van Der Heyden J, Lang I, Pe-
trie MC, Cleland JGF, Leon M, Kaye
DM. A transcatheter intracardiac shunt
device for heart failure with preserved
ejection fraction (REDUCE LAP-HF): a

sham-controlled trial. Circulation 2018;
137: 364-375.

. Del Trigo M, Bergeron S, Bernier M,

Amat-Santos 1J, Puri R, Campelo-Parada
F, Altisent OA-J, Regueiro A, Eigler N,
Rozenfeld E, Pibarot P, Abraham WT,
Rodés-Cabau J. Unidirectional left-to-
right interatrial shunting for treatment
of patients with heart failure with re-
duced ejection fraction: a safety and
proof-of-principle cohort study. Lancet
2016; 387: 1290-1297.

. Wessler J, Kaye D, Gustafsson F, Petrie

MC, Hasenfup G, Lam CSP, Borlaug BA,
Komtebedde J, Feldman T, Shah SJ,
Burkhoff D, REDUCE-LAP-HF Trial In-
vestigators and Advisors. Impact of base-
line hemodynamics on the effects of a
transcatheter interatrial shunt device in
heart failure with preserved ejection
fraction. Circ Heart Fail 2018; 11:
e004540.

. Guyton AC. Determination of cardiac

output by equating venous return curves
with cardiac response curves. Physiol

multicentre, open-label, single-arm,
phase 1 trial. Lancet 2016; 387: Rev 1955; 35: 123-129.
1298-1304. 10.

. Feldman T, Mauri L, Kahwash R, Litwin
S, Ricciardi MJ, van der Harst P,
Penicka M, Fail PS, Kaye DM, Petrie
MC, Basuray A, Hummel SL, Forde-
McLean R, Nielsen CD, Lilly S, Massaro
JM, Burkhoff D, Shah SJ, REDUCE
LAP-HF I Investigators and Study Coor-
dinators.  Transcatheter  interatrial
shunt device for the treatment of heart
failure with preserved ejection fraction
(REDUCE LAP-HF 1 [reduce elevated
left atrial pressure in patients with
heart failure]): a phase 2, randomized,

11.

12.

Sunagawa K, Sagawa K, Maughan WL.
Ventricular interaction with the loading
system. Ann Biomed Eng 1984; 12:
163-189.

Uemura K, Sugimachi M, Kawada T,
Kamiya A, Jin Y, Kashihara K, Sunagawa
K. A novel framework of circulatory
equilibrium. Am J Physiol Heart Circ
Physiol 2004; 286: H2376-H2385.
Uemura K, Kawada T, Kamiya A, Aiba T,
Hidaka I, Sunagawa K, Sugimachi M,
Hidaka I, Sunagawa K, Sugimachi M.
Prediction of circulatory equilibrium in
response to changes in stressed blood

13.

14.

15.

16.

17.

18.

19.

volume. Am J Physiol Heart Circ Physiol
2005; 289: H301-H307.

Sakamoto K, Saku K, Kishi T, Kakino T,
Tanaka A, Sakamoto T, Ide T, Sunagawa
K. Prediction of the impact of
veno-arterial extracorporeal membrane
oxygenation on hemodynamics. Am J
Physiol Heart Circ Physiol 2015; 308:
H921-H930.

Kakino T, Saku K, Sakamoto T, Sakamoto
K, Akashi T, Ikeda M, Ide T, Kishi T,
Tsutsui H, Sunagawa K. Prediction of he-
modynamics under left ventricular assist
device. Am J Physiol Heart Circ Physiol
2017; 312: H80-H88.

Shoukas AA. Pressure-flow and
pressure-volume relations in the entire
pulmonary vascular bed of the dog de-
termined by two-port analysis. Circ Res
1975; 37: 809-818.

Lee RW, Goldman S. Mechanism for de-
crease in cardiac output with atrial na-
triuretic peptide in dogs. Am J Physiol
1989; 256: H760-H765.

Thomas JD, Weyman AE. Fluid dynamics
model of mitral valve flow: description
with in vitro validation. J Am Coll Cardiol
1989; 13: 221-233.

Trudnowski RJ, Rico RC. Specific gravity
of blood and plasma at 4 and 37°C. Clin
Chem 1974; 20: 615-616.

Wolsk E, Kaye D, Komtebedde J, Shah
SJ, Borlaug BA, Burkhoff D, Kitzman
DW, Lam CSP, van Veldhuisen DJ,
Ponikowski P, Petrie MC, Hassager C,
Mgller JE, Gustafsson F. Central and pe-
ripheral determinants of exercise capac-
ity in heart failure patients with
preserved ejection fraction. JACC Heart
Fail 2019; 7: 321-332.

ESC Heart Failure 2020; 7: 3075-3085
DOI: 10.1002/ehf2.12935



Prediction of interatrial shunt haemodynamics

3085

20. Miller WL, Mullan BP. Volume overload

21.

22.

profiles in patients with preserved and
reduced ejection fraction chronic heart
failure: are there differences? A pilot
study. JACC Heart Fail 2016; 4:
453-459.

Maeder MT, Thompson BR, Brunner-La
Rocca HP, Kaye DM. Hemodynamic basis
of exercise limitation in patients with
heart failure and normal ejection frac-
tion. J Am Coll Cardiol 2010; 56:
855-863.

Kaye D, Shah SJ, Borlaug BA,
Gustafsson F, Komtebedde J, Kubo S,
Magnin C, Maurer MS, Feldman T,
Burkhoff D. Effects of an interatrial
shunt on rest and exercise hemodynam-
ics: results of computer simulation in

23.

24.

heart failure. J Card Fail 2014; 20:
212-221.

Sakamoto T, Kakino T, Sakamoto K,
Tobushi T, Tanaka A, Saku K,
Hosokawa K, Onitsuka K, Murayama
Y, Tsutsumi T, Ide T, Sunagawa K,
Hosokawa K, Onitsuka K, Murayama
Y, Tsutsumi T, Ide T. Changes in vascu-
lar properties, not ventricular proper-
ties, predominantly contribute to
baroreflex regulation of arterial pres-
sure. Am J Physiol Heart Circ Physiol
2015; 308: H49-HS58.

Borlaug BA, Melenovsky V, Koepp KE.
Inhaled sodium nitrite improves rest
and exercise hemodynamics in heart
failure with preserved ejection fraction.
Circ Res 2016; 119: 880-886.

25.

26.

Hemnes AR, Humbert M. Pathobiology
of pulmonary arterial hypertension: un-
derstanding the roads less travelled.
Eur Respir Rev 2017; 26: 170093.

Stout KK, Daniels CJ, Aboulhosn JA,
Bozkurt B, Broberg CS, Colman JM,
Crumb SR, Dearani JA, Fuller S, Gurvitz
M, Khairy P, Landzberg MJ, Saidi A,
Valente AM, Van Hare GF. 2018
AHA/ACC guideline for the manage-
ment of adults with congenital heart dis-
ease: a report of the American College
of Cardiology/American Heart Associa-
tion Task Force on Clinical Practice
Guidelines. Circulation 2019; 139:
€698-e800.

ESC Heart Failure 2020; 7: 3075-3085
DOI: 10.1002/ehf2.12935




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


