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Effects of an Interatrial Shunt on Rest and Exercise
Hemodynamics: Results of a Computer Simulation in Heart
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ABSTRACT

Background: A treatment based on an interatrial shunt device has been proposed for counteracting
elevated pulmonary capillary wedge pressure (PCWP) in patients with heart failure and mildly reduced
or preserved ejection fraction (HFpEF). We tested the theoretical hemodynamic effects of this approach
with the use of a previously validated cardiovascular simulation.
Methods and Results: Rest and exercise hemodynamics data from 2 previous independent studies of pa-
tients with HFpEF were simulated. The theoretical effects of a shunt between the right and left atria (diam-
eter up to 12 mm) were determined. The interatrial shunt lowered PCWP by w3 mm Hg under simulated
resting conditions (from 10 to 7 mm Hg) and by w11 mm Hg under simulated peak exercise conditions
(from 28 to 17 mm Hg). Left ventricular cardiac output decreased w0.5 L/min at rest and w1.3 L/min at
peak exercise, with corresponding increases in right ventricular cardiac output. However, because of the
reductions in PCWP, right atrial and pulmonary artery pressures did not increase. A majority of these ef-
fects were achieved with a shunt diameter of 8e9 mm. The direction of flow though the shunt was left to
right in all of the conditions tested.
Conclusions: The interatrial shunt reduced left-sided cardiac output with a marked reduction in PCWP.
This approach may reduce the propensity for heart failure exacerbations and allow patients to exercise
longer, thus attaining higher heart rates and cardiac outputs with the shunt compared with no shunt. These
results support clinical investigation of this approach and point out key factors necessary to evaluate its
safety and hemodynamic effectiveness. (J Cardiac Fail 2014;20:212e221)
Key Words: Left atrial pressure, heart failure, diastolic dysfunction, heart failure with preserved ejection
fraction, interatrial shunt, computer simulation.
Development of treatments for patients with heart failure
and preserved ejection fraction (HFpEF) or mildly reduced
ejection fraction is among the highest priority in cardiology
today. These patients represent O50% of all patients with
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heart failure (HF) and experience rates of morbidity and
mortality that are similar to patients with HF and reduced
ejection fraction.1e3 To date, there are no therapies that are
proven to be effective in these patients. This could be
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because these patients as a whole may have different under-
lying etiologies and varied numbers and severity of comorbid
conditions, so that different therapies may be needed to
address different patient subgroups. However, regardless of
etiology or comorbid conditions, an overarching pathophysi-
ologic mechanism is elevated pulmonary capillary pressure
during HF exacerbations and during exertion and increased
left atrial size. Accordingly, an approach that directly ad-
dresses this hemodynamic abnormality may be therapeutic
across disparate patient subgroups.
Detailed characterization of rest and exercise hemody-

namics in patients with HF has been performed by several
groups4,5 and most recently in patients with HFpEF.6e11 He-
modynamic factors that have been suggested to contribute to
exercise intolerance in HFpEF include blunted chronotropic
response, inability to increase stroke volume, altered oxygen
extraction by the periphery and dramatic increases of pul-
monary capillary wedge pressure (PCWP) out of proportion
to increases of right atrial pressure. To a certain extent, some
of these abnormalities are indicative of deconditioning and
may be overcome by exercise training12e14; however, such
improvements do not appear to be linked to improvements
in ventricular or vascular properties.15,16 Despite somewhat
different conclusions arrived at in these studies, one com-
mon finding is the marked exercise-induced increase of
left atrial and pulmonary capillary pressures in HFpEF.
It has recently been proposed that creation of a small per-

manent opening in the interatrial septum to allow left-to-right
shunting of blood could provide a means of limiting left atrial
pressure rises, thus potentially improving exercise tolerance
and protecting a patient from episodes of acute pulmonary
edema. Such a shunt might be especially effective when the
pressure gradient between left and right atria is increased,
as occurs during exercise in HFpEF patients.
Preclinical evaluation of the hemodynamic effects of

such a device is difficult, especially for the case of severe
HF with relatively well preserved ejection fraction, because
there is no accepted large animal model and, in addition,
invasive exercise studies are difficult to conduct in large an-
imal models. To circumvent this problem, we used a com-
puter model to simulate rest and exercise hemodynamics
typically encountered in HF. This model has been used
before to prospectively predict and/or retrospectively
explain different aspects of HF pathophysiology and the ef-
fects of treatment.17e21 For the present simulation, we used
hemodynamic data from two published studies of patients
with HFpEF9,10 and then simulated the impact of the pres-
ence of an interatrial shunt. The results show the potential
benefits, suggest potentially important aspects of patient se-
lection, and point out potential limitations of this approach.

Methods

Patient Population

Rest and exercise hemodynamic data used in the present
simulation-based study were previously published by Maeder
et al4 and Borlaug et al.5 Borlaug et al5 included 32 patients
with EF $50% evaluated for effort intolerance and normal resting
hemodynamics and B-type natriuretic peptide (BNP), and without
significant coronary artery disease, valvular heart disease, hyper-
trophic or infiltrative cardiomyopathy, constrictive pericarditis,
or vascular disease. In that study, patients were also included if
PCWP increased to $25 mm Hg during exercise. Use of this
exercise-PCWP criterion identifies patients who have an unambig-
uous hemodynamic abnormality contributing to their symptomo-
tology, at least during exercise. Maeder et al studied 14 patients
who had EF $50%, New York Heart Association functional class
II or III signs, and symptoms and objective evidence of impaired
exercise capacity but no evidence of myocardial ischemia. To be
consistent with the selection criteria of Borlaug et al,9 we also
selected data from 7 of these patients in whom PCWP increased
to $25 mm Hg during exercise.
Participants in both of these studies underwent detailed echo-

cardiographic and invasive hemodynamic evaluation at rest and
during exercise. Right heart catheterization monitoring was per-
formed to assess intracardiac pressures and cardiac output by
the thermodilution or direct Fick method. Exercise was performed
on a cycle ergometer in the supine position.

Hemodynamic Simulation

We used a previously developed real-time model of the cardio-
vascular system to simulate hemodynamics at rest and during
exercise.17e21 The equations underlying the model have been pro-
vided in detail previously,17,18 and an overview is provided in
Appendix 1. In brief, contractile properties of each heart chamber
was modeled as a time-varying elastance, which has been vali-
dated for both the ventricles22 and the atria.23e29 The systemic
and pulmonary vascular beds were modeled by series of resistance
and capacitance elements. Parameter values of the model
were adjusted by a custom-designed algorithm to fit the average
hemodynamic conditions at rest and exercise as defined by the
clinical studies noted above.4,5 Parameters that were varied
included right and left ventricular (RVand LV, respectively) cham-
ber systolic properties, vascular resistance, vascular compliance
for the systemic vascular beds, and stressed blood volume (which
correlates with overall fluid status of the patient). The model
was then modified to simulate the presence of a shunt between
the right and left atria according to the equation governing instan-
taneous flow through an orifice as detailed in Appendix 1.
Flow 5 K$Area$DP, where Area (in cm2), DP is the pressure
gradient across the orifice (in mm Hg), and K 5 2.66. The effects
of varying shunt sizes up to 12 mm in diameter were also modeled.
Aortic, pulmonary arterial, ventricular, and atrial pressure

waveforms, as well as pressure-volume (PV) loops of each of
the 4 chambers were constructed for baseline and exercise condi-
tions. The pressure waveforms and pressure-volume loops were
also assessed with and without the interatrial shunt.
Results

Although there are limited data available for detailed
validation specifically of the atrial simulation aspects of
the model used, it is striking that rather detailed aspects
of the atrial pressure and volume curves and the impact
of acute opening/closing of an atrial septal defect (ASD)
can be simulated. For example, see the tracings presented
in Figure 1. The left atrial pressure tracing from a patient



Fig. 1. (A) Left atrial pressure tracing from a patient before and
after atrial septal defect (ASD) closure (reproduced from Ewert
et al30). (B) Left atrial pressure tracings from the simulation
with parameters adjusted to achieve a large v-wave (in the absence
of any mitral regurgitation) when there is no ASD. Then, an
8-mm-diameter ASD is simulated. Note the qualitative similarity
of the real curves to those created in the simulation.

Table 1. Baseline Characteristics and Comparison of
Hemodynamic Parameters at Rest and Exercise in HF

Patients

Clinical Study Simulation Results

Maeder
et al10

(n 5 7)

Borlaug
et al9

(n 5 32)
Before
Shunt

8 mm
Shunt

Age (yr) 72 65y

BSA (m2) 2.0 NR
BMI 28y 32y

% male 64% 28%
Symptoms

NYHA II 43% 84%
NYHA III 57% 16%

BNP (pg/mL) 40 71
eGFR (mL/min) 87 86
Rest hemodynamics

Heart rate (beats/min) 62 70 65 65
Mean arterial
pressure (mm Hg)

100 94 100 90

Mean pulmonary
arterial pressure
(mm Hg)

19 19 19 17

Pulmonary capillary
wedge pressure
(mm Hg)

10 11 10 7

Right atrial
pressure (mm Hg)

5 5 5 6

Left cardiac
output (L/min)

5.3 5.6* 5.3 4.7

Right cardiac
output (L/min)

d d d 6.1

Shunt flow (L/min) d d d 1.4
Exercise hemodynamics

Heart rate (beats/min) 106 104 106 106
Mean arterial
pressure (mm Hg)

130 125 132 120

Mean pulmonary
arterial pressure
(mm Hg)

44 43 44 36

Pulmonary capillary
wedge pressure
(mm Hg)

28 28 28 17

Right atrial
pressure (mm Hg)

nr 14 11 13

Left cardiac
output (L/min)

9.9 9.8* 9.9 8.8

Right cardiac
output (L/min)

9.9 9.9 9.9 11.6

Shunt flow (L/min) d d d 2.8

NR, not reported.
*Assumes a BSA of 2.0.
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before and after ASD closure (reproduced from Ewert
et al30) are shown in the top panel. Note that when the shunt
is closed during balloon occlusion, mean left atrial pressure
is high; there is a small a-wave and a very large v-wave
(despite no significant mitral regurgitation), unmasking a
stiff LV. When the ASD is opened, the pressure drops,
and the a and v waves have similar amplitudes. Left atrial
pressure tracings from the simulation with parameters
adjusted to achieve a large v-wave (in the absence of any
mitral regurgitation) when there is no ASD are shown in
the bottom panel. Subsequently, an 8-mm-diameter ASD
is simulated. Note the similarity of the characteristics of
the real curves to those provided by the simulation.

Resting Versus Exercise Hemodynamics in HFpEF

Demographic characteristics, resting and exercise hemody-
namics of the patients included in the 2 clinical studies are
summarized in Table 1. Compared with the HF patients stud-
ied by Maeder et al,4 those studied by Borlaug et al5 were
slightly younger, more obese, more often female, with lower
NYHA functional class, yet with slightly higher BNP. Despite
this, resting and exercise hemodynamics were remarkably
similar between the 2 studies. In addition, and importantly,
there were no significant differences in resting hemodynamics
between the HF and control patients in either study; all values
were within normal ranges.

During exercise, the results of the 2 studies were in gen-
eral agreement in that increases in heart rate and cardiac
output during exercise tended to be lower compared with
control patients and that increases in arterial, pulmonary,
and pulmonary capillary wedge pressures tended to be
greater than in control patients.
Simulation of Resting and Exercise Hemodynamics

Parameter values of the simulation were adjusted to
match those from the clinical studies as closely as possible.
Values of key parameters that varied between rest and exer-
cise are summarized in Table 2, and values of other param-
eters that remained fixed are summarized in Appendix
Table 1. The resulting simulation hemodynamic parameters
are summarized in Table 1. As shown, all of the simulated



Table 2. Values of Model Parameters Determined to
Simulate Heart Failure Patients at Rest and During Exercise

Parameter Rest Exercise

Heart rate (beats/min) 62 106
Stressed blood volume (mL) 880 1,620
Systemic circulation
Ca (mL/mm Hg) 1.0 0.7
Ra (mm Hg.s/mL) 1.02 0.65

Heart
LV Ees (mm Hg/mL) 2.54 2.70
RV Ees (mm Hg/mL) 0.97 1.44

Ca, arterial capacitance; Ees, end-systolic elastance; LV, left ventricular;
Ra, arterial resistance; RV, right ventricular.
Parameter values not listed here are as summarized in Appendix Table 1.
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hemodynamic parameters are very close to those measured
in the clinical studies.

Simulated Effects of Interatrial Shunt on Resting
Hemodynamics in HF

Figure 2 shows simulated pressure-volume loops at rest
for the 4 chambers in the HF patients before (blue) and after
(red) introduction of an 8-mm-diameter interatrial shunt. At
rest, the shunt decreased LV cardiac output (CO) by 0.6 L/
min (from 5.3 to 4.7 L/min) and increased RV CO by
Fig. 2. Pressure-volume loops of the 4 chambers under simulated resting
left atrium (LA), and left ventricle (LV) in heart failure (HF) patients b
teratrial shunt. At rest, the shunt decreased LV cardiac output by 0.6 L/m
a Qp/Qs ratio of 1.3.
0.8 L/min (from 5.3 to 6.1 L/min). The reason for the slight
imbalance between the increased RV output and decreased
LVoutput is that the presence of the shunt changes the filling
conditions on the 2 sides of the heart such that a new equi-
librium state is reached. The mean flow through the shunt
was 1.4 L/min, which corresponds to a Qp/Qs ratio of 1.3.
Note that the post-shunt RV output is the sum of the shunt
flow plus the LV output (ie, 4.7 þ 1.4 5 6.1). The presence
of the shunt caused a leftward and downward shift of the LA
pressure-volume loop and, conversely, a corresponding right-
ward and upward shift of the RA pressure-volume loop.
However, the rise in mean right atrial pressure was only
w1.0 mm Hg (from 5.0 to 6.0 mm Hg). The decrease in
LA volume and pressure resulted in reduced LV filling
which, in turn, resulted in leftward and downward shifts in
the LV pressure-volume loops (with decreases in LV end-
diastolic pressure, end-diastolic volume, stroke volume,
and aortic pressure). Conversely, the RV pressure-volume
loop shows an increased stroke volume.

As shown in Figure 3 (left), before the shunt there was a
significant gradient between RA and LA pressures at rest.
However, after the shunt, RA and LA pressures were
similar, with only a small gradient throughout the cardiac
cycle; however, LA pressure remains greater than RA
conditions, including the right atrium (RA), right ventricle (RV),
efore (blue) and after (red) simulated introduction of an 8-mm in-
in and increased RV cardiac output by 0.8 L/min, corresponding to



Fig. 3. Left: RA and LA pressure tracings at rest, with typical double-peaked wave forms with each beat (due to the x- and y-descents).
Before the shunt (top), there was a small gradient between the LA and RA pressures; this gradient was reduced after the shunt, although the
pressure is always greater in the LA than in the RA. Flow pattern through the shunt (middle and bottom) is greatest during atrial diastole
when tricuspid and mitral valves are closed and blood is returning to atria from the respective venous systems. Right: RA and LA pressures
during exercise. The gradient between the RA and LA is markedly increased and is reduced after the shunt. Shunt flow is increased during
exercise, but the pattern is similar to resting conditions. Dashed vertical lines indicate start of each beat. Abbreviations as in Figure 2.

216 Journal of Cardiac Failure Vol. 20 No. 3 March 2014
pressure throughout the cycle, and the flow is always from
LA to RA. The flow through the shunt (Fig. 3, bottom), is
greatest during atrial diastole (ventricular systole) which is
the period of rapid venous return to the atria when the
atrial-ventricular valves are closed.
Effects of Interatrial Shunt on Exercise Hemodynamics
in HFpEF Patients

The pressure-volume loops of the 4 chambers during ex-
ercise are shown in Figure 4. Simulated introduction of the
interatrial shunt had effects on pressures and volumes that
were similar to resting conditions, but the effects were
quantitatively greater during exercise. The shunt decreased
exercise LV CO by 1.1 L/min (an 11% decrease), and
increased RV CO by 1.7 L/min (a 19% increase). The net
shunt flow was 2.8 L/min, which corresponds to a Qp/Qs
ratio of 1.4.

LA pressure-volume loops were shifted significantly left-
ward and downward toward lower pressures and volumes,
as were the LV pressure-volume loops, with decreases in
LV end-diastolic pressure, end-diastolic volume, aortic
pressure, and stroke volume (from 93 to 83 mL/beat).
Conversely, the RA pressure-volume loops were shifted
slightly rightward. The RV pressure-volume loop exhibited
increased end-diastolic volume, end-diastolic pressure, and
stroke volume. Importantly, although RV CO increased
because of the shunt, it is noteworthy that peak exercise
pulmonary arterial systolic pressure actually decreased
(by w4 mm Hg, from 81 to 77 mm Hg with mean pressure
dropping from 44 to 36 mm Hg) because of the marked
reduction in downstream LA pressure.



Fig. 4. Exercise pressure-volume loops of the 4 chambers in heart failure patients before (blue) and after (red) simulated introduction of an
8-mm interatrial shunt. Abbreviations as in Figure 2.
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The shunt waveform, shown in Figure 3 (bottom right)
again peaks in atrial diastole during the phase of rapid
venous return. Also shown in Figure 3, although there
was a marked pressure gradient between LA and RA at
baseline (top), this was largely negated by the shunt (mid-
dle right). Importantly, exercise PCWP decreased from 28
to 17 mm Hg with the shunt. As under the resting condition,
LA pressure was always greater than RA pressure and flow
was always from LA to RA.

Effect of Shunt Diameter

As noted above, the aforementioned simulation results
were created with the use of a shunt diameter of 8 mm
Hg. Figure 5 summarizes the effect on rest and exercise he-
modynamics of varying the shunt diameter from 0 to
12 mm. As expected, shunt flow increases with increasing
shunt size at rest and during exercise. Under resting condi-
tions (Fig. 5, left), as shunt flow size is increased, there is a
progressive decrease in PCWP and a lesser increase in RA
pressure. As shunt flow increases, there is a corresponding
increase in RV CO and a decrease in LV CO. All of these
effects reach a plateau at a shunt diameter at w8e9 mm.
During exercise (Fig. 5, right) the effects are significantly
more pronounced because of the larger LA-RA pressure
gradient under this condition; however, the effect on shunt
flow still plateaus at only a slightly larger shunt diameter
of w10 mm.
Discussion

This study used a cardiovascular simulation to provide
insights into the potential effects of an interatrial shunt on
rest and exercise hemodynamics in patients with HFpEF.
The principal finding is that the interatrial shunt lowers
LA pressure and that this effect is particularly pronounced
during the marked increase in LA pressure and increased
left-to-right atrial pressure gradient during exercise in this
patient population. The main consequence of the left-to-
right shunt flow is a relatively small (w10%e15%) but ex-
pected decrease in LV forward CO and increase in total RV
CO. However, the marked reduction in LA pressure (and
pulmonary capillary pressure) could allow patients to exer-
cise longer, potentially resulting in higher heart rates and
higher values of CO. In addition, other potential conse-
quences, such as increases in RA pressure and pulmonary
arterial pressure are quantitatively smaller. During exercise,
when HF symptoms may occur in this patient population,
simulated pulmonary arterial systolic pressure actually
decreased, despite the increase in RV CO, because the
reduction in pulmonary venous pressure was so large.
These effects could all be modulated by changing the size
of the shunt, but the 8 mm size, with a Qp/Qs ratio of
w1.3e1.4 (which is similar at rest and during exercise), ap-
peared to be sufficient to reduce LA pressure without major
RV overload.



Fig. 5. Effects of varying shunt size from 1 to 12 mm on (left) rest and (right) exercise hemodynamics. Shunt flow increases as shunt size
increases. A majority of the hemodynamic effects are seen with shunt sizes of 8e9 mm in diameter. CO, cardiac output; CVP, central
venous pressure; PCWP, pulmonary capillary wedge pressure; other abbreviations as in Figure 2.
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The theoretical concept of creating an interatrial shunt to
treat patients with HF with preserved and mildly reduced
ejection fraction and elevated left atrial pressure was based
on the key pathophysiologic finding of increased LA pres-
sures with increased LA-to-RA pressure gradient at rest
and during exercise. In Lutembacher syndrome,31 patients
with mitral stenosis with an ASD appeared to have fewer
symptoms and better outcomes than patients with mitral ste-
nosis who did not have this defect. Furthermore, although
closure of congenital ASDs is generally safe, it is long recog-
nized that patients with subclinical LV dysfunction can expe-
rience pulmonary edema (sometimes requiring intubation)
after surgical32e34 or interventional35e38 ASD closure; the
pulmonary edema is reversible if the ASD is reopened. As
a consequence, some investigators have proposed the use
of a fenestrated closure device to achieve partial closure in
high-risk patients (eg, those with reduced EF, coronary artery
disease, or pulmonary hypertension).39 More recently, a pilot
study using a pressure sensor in the atrial septum that mon-
itors LA pressure in patients with HF was conducted.40 Daily
measurements of LA pressures were used to guide adjust-
ment of diuretic, b-blocker, and angiotensin-converting
enzyme inhibitor doses to achieve appropriate LA pressures.
The results showed that reductions in mean LA pressures
were associated with reductions of adverse outcomes and im-
provements in EF and NYHA functional class. All of these
findings lead to the hypothesis that a device that could reduce
and maintain left atrial pressure within a more normal (or at
least tolerable) range could have important clinical benefits
in patients with HF.

Though derived from a cardiovascular simulation, the
present results provide reassurance, given the lack of suit-
able animal models, that the creation of an interatrial shunt
of the size evaluated in our model should not, at least in the
acute setting, cause significant elevations of precapillary
pulmonary pressures. The reason for this is that the
decrease in LA pressure is sufficient to counteract the in-
crease in transpulmonary pressure due to the increase in
pulmonary flow. Of course, this hypothesis must be proven
in an appropriate clinical trial, but these findings are
encouraging.

The present model may also have implications for patient
inclusion and exclusion criteria for a clinical trial evalu-
ating the effectiveness of this approach. The data would
suggest that the greatest benefit may be achieved in patients
who have higher elevations in rest and exercise LA (and
pulmonary capillary wedge) pressures and, more precisely,
an elevated pressure gradient between left and right atria.
Conversely, patients without significantly increased LA
pressure and a relatively small gradient between left and
right atria may not benefit from such a device or could do
worse if there is reversal of shunt direction due to primarily
elevated right atrial pressure. However, based on the
data from Maeder et al10 and Borlaug et al,9 LA pressure
should be significantly higher than RA pressure in a major-
ity of these patients, both at rest and during exertion.
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Furthermore, given that the shunt is expected to decrease
LV CO, the results also suggest that patients in whom
reduced CO is the predominant cause of exercise limitation
might not benefit as much as those in whom exercise toler-
ance is limited by a rise in PCWP. Additionally, given the
increased flow through the right side of the heart, patients
with RV dysfunction may not benefit from this approach.11

The clinical data on which the simulation parameters
were selected were obtained from patients whose PCWP
increased to $25 mm Hg during exercise. This criterion
followed the suggestion of Borlaug et al9 and was intended
to identify a cohort of patients with unambiguous objective
evidence of a hemodynamic abnormality that could
contribute to symptomatology during exertion. Accord-
ingly, the results of the present simulation should be consid-
ered to apply to this situation only. Patients with lesser
degrees of PCWP elevation during exertion might not be
anticipated to achieve the same magnitude of hemodynamic
benefit as identified in the present analysis. This is impor-
tant to consider, because it is possible that in some HFpEF
patients, inability to increased CO or some other factor may
be the exercise-limiting factor without such a significant in-
crease in PCWP.
There are several additional limitations to this study.

First, the model parameters were based on average hemo-
dynamics from a small number of patients from 2 studies
chosen such that PCWPs were elevated (O25 mm Hg) dur-
ing exercise. There are undoubtedly patients with less of a
pressure gradient between the right and left atria. There-
fore, the simulation used in the present study may be pri-
marily helpful in predicting the acute hemodynamic
effects in specific patients only if resting and exercise he-
modynamics are available. Second, there are many simpli-
fying assumptions in the model, such as lack of
interventricular or interatrial interactions and lack of peri-
cardium. Shifts in chamber volumes and changes in pres-
sure gradients between chambers could have important
effects on pressure-waveforms and effects of an interatrial
shunt. Third, all of the conclusions are based on acute
changes, and potential long-term effects of the shunt,
when autonomic adaptations can be invoked, can not be as-
sessed in this model. Finally, the acute hemodynamic
changes associated with exercise may not lead to an
improvement in overall exercise performance, because ex-
ercise performance can be affected by many noncardiac
factors, such as deconditioning, motivation, and peripheral
metabolism.41,42 Nevertheless respiratory distress may be
reduced in these patients. Finally, right and left ventricular
properties have been well established to be described by
pressure-volume relations and, more generally, by the
time-varying elastance model over a very wide range of
conditions, including diseased states. Although not as
extensively studied, there is ample evidence to support
the use of pressure-volume relations and a time-varying ela-
stance model to describe right and left atrial function in
health and disease.23e29 In addition, the pressure-volume
loops generated by the model are remarkably similar to
those measured directly in health and disease. Nevertheless,
the results of the present simulation study should be viewed
only as providing a framework for understanding measure-
ments made in the clinical setting.

In summary, we used a computer simulation to gain
insight into the effects of an interatrial shunt in patients
with HF and reasonably preserved EF. Such a shunt is pre-
dicted to yield a Qp/Qs ratio of 1.3e1.4 and would signif-
icantly reduce LA pressure, especially during exercise, by
allowing blood to flow from the LA to the RA. Considering
the magnitude of the Qp/Qs ratio, these effects are pre-
dicted not to be associated with significant adverse in-
creases in pulmonary pressures, particularly not during
exercise. In the absence of an animal model to evaluate
the effects of such a shunt at rest or exercise, these results
suggest that this approach is worthy of investigation for pa-
tients with HF with elevated LA pressure, especially if EF
is preserved or only mildly reduced. There are currently 2
different devices in clinical development to create a device
to make a precisely sized interatrial septal defect that will
maintain patency for this purpose. The results of the present
simulation may provide insights into patient selection
criteria and expected magnitude of hemodynamic benefit.
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Appendix Figure 1. Electrical analog of the circulation showing
heart chambers represented by time-varying elastances and the
vascular systemts represented by series of resistance and capaci-
tance elements. Abbreviations as in Appendix Table 1.
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The cardiovascular system was modeled as shown by the
electrical analog in Appendix Figure 1. The details of this
model are provided elsewhere17,18 and are discussed here
in brief. Ventricular and atrial pumping characteristics
were represented by modifications of the time-varying ela-
stance [(E(t)] theory of chamber contraction, which relates
instantaneous ventricular pressure [P(t)] to instantaneous
ventricular volume [V(t)]. For each chamber:

PðtÞ5PedðVÞ þ eðtÞ½PesðVÞ � PedðVÞ�
In which:

PedðVÞ5b
�
eaðV�VoÞ � 1

�

PesðVÞ5 EesðV�VoÞ
and

eðtÞ51 =

2fsin½ðp=TmaxÞt�p=2� þ 1g 0!t#3=2Tmax

1 =

2e�ðt�3Tmax=2Þ=t tO3Tmax=2

where Ped(V) is end-diastolic pressure as a function of vol-
ume, Pes(V) is end-systolic pressure as a function of vol-
ume, Ees is end-systolic elastance, Vo is the volume axis
intercept of the end-systolic pressure-volume relationship,
a and b are parameters of the end-diastolic pressure-vol-
ume relationship, Tmax is the point of maximal chamber
elastance, t is the time constant of relaxation, and t is the
time during the cardiac cycle.
The systemic and pulmonary circuits are each modeled by

lumped venous and arterial capacitances (Cv and Ca, respec-
tively), a proximal resistance (Rc, also commonly called char-
acteristic impedance) which relates to the stiffness of the
proximal aorta or pulmonary artery, a lumped arterial resis-
tance (Ra), and a resistance to return of blood from the venous
capacitance to the heart (Rv, which is similar, though not iden-
tical, to Guyton’s resistance to venous return43). The heart
valves permit flow in only 1 direction through the circuit.
Appendix Table 1. Baseline Parameter Valu

Parameter Group/Name Symbol Un

AV Delay AVD m
Heart
Volume axis intercept Vo mL
Scaling factor for EDPVR b mm
Exponent for EDPVR a mL
Time to end-systole Tmax m
Time constant of relaxation T m
AV valve resistance Rav mm Hg

Circulation

Characteristic impedance Rc mm Hg
Arterial resistance Ra mm Hg
Venous resistance Rv mm Hg
Arterial compliance Ca mL/m
Venous compliance Cv mL/m

AV, atrioventricular; EDPVR, end-diastolic pressure-volume relationship.
The total blood volume (Vtot) contained within each of the
capacitive compartments is divided functionally into 2 pools:
the unstressed blood volume (Volunstr) and the stressed blood
volume (Volstr). Volunstr is defined as themaximumvolume of
blood that can be placed within a vascular compartment
without raising its pressure above 0 mm Hg. The blood vol-
ume within the vascular compartment in excess of Volunstr
is Volstr, so that Vtot 5 Vunstr þ Vstr. The unstressed volume
of the entire vascular system is equal to the sum of Volunstr
of all of the capacitive compartments; similarly, the total-
body stressed volume equals the sumofVolstr for all compart-
ments.44 The pressurewithin each compartment rises linearly
with Volstr in relation to the compliance (C): P 5 Volstr/C.

The normal value of each parameter of the model was set
to be appropriate for a 70e75 kg man (body surface area
1.9 m2). These values, adapted from values in the litera-
ture,17,23,45,46 are listed in Appendix Table 1. Values used
to simulate patients with HFpEF are summarized in
Table 2 of the main text.

Finally, an interatrial shuntwasmodeled by a connection be-
tween right and left atria throughwhich instantaneous flowwas
determined by the equation governing flow through an orifice:

Flow5K$Area$DP

where Area is in cm2, DP is the pressure gradient across the
orifice (in mm Hg), and K 5 2.66.
es Not Adjusted in Simulation Model

its Value

s 160
RA RV LA LV
5 0 5 0

Hg 0.44 0.34 0.44 0.34
�1 0.044 0.034 0.044 0.034
s 125 200 125 200
s 25 50 25 50
$s/mL 0.0025 0.0025

Pulmonary Systemic

$s/mL 0.045 0.045
$s/mL 0.052
$s/mL 0.025 0.025
m Hg 7 1.0
m Hg 4 70
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