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Summary
Background Placement of an interatrial shunt device reduces pulmonary capillary wedge pressure during exercise in 
patients with heart failure and preserved or mildly reduced ejection fraction. We aimed to investigate whether an 
interatrial shunt can reduce heart failure events or improve health status in these patients.

Methods 
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Procedures 
All patients underwent echocardiography and invasive 
exercise haemodynamic testing before randomisation 
to confirm they had an ejection fraction of at least 40%, 
the diagnosis of heart failure (peak exercise PCWP of 
at least 25 mm Hg), and absence of clinically significant 
right ventricular dysfunction or pulmonary vascular 
disease, as described previously.8 Echocardiograms and 
invasive haemodynamic pressure tracings were 
interpreted by independent core laboratories. The 
InterAtrial Shunt Device System II (Corvia Medical, 
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Statistical analysis 
Sample sizes were calculated based on data from 
the REDUCE LAP-HF I trial, as described previously.8 
Assuming a combined cardiovascular mortality and 
nonfatal ischaemic stroke rate of 5·0% in each treatment 
group at 12 months; a per person-year rate of heart 
failure events of 0·39 in the shunt device group and 
0·5 in the control group; and a mean improvement in 
KCCQ overall summary score of 13 in the shunt device 
group and eight in the control group, with an standard 
deviation of 20 in each treatment group, we calculated 
that 282 evaluable patients per treatment group would 
be required for 85% power to demonstrate a significant 
beneficial effect of the atrial shunt device over sham 
procedure at a 2-sided 0·05 level of significance using 
a Finkelstein-Schoenfeld approach.15 We assumed a 
premature withdrawal rate of no more than 7·5% before 
12 months, resulting in a requirement to enrol at least 
304 randomised patients per treatment group.

Analysis of the primary endpoint, all other efficacy 
endpoints, and safety endpoints was conducted in 
the modified intention-to-treat (mITT) population, 
defined as all patients randomly allocated to receive 
treatment, excluding those found to be ineligible after 
randomisation. In the mITT analysis, patients with 
missing information on cardiovascular death, non-fatal 
ischaemic stroke, heart failure events, or KCCQ before 
the 12-month time point, primarily due to premature 
withdrawal from the study, were analysed using 
available data. We also conducted an analysis of the per-
protocol population, defined as patients who were 
evaluable at 12 months without major protocol violations 
(appendix p 32) and who were allocated to the shunt 
device and had an implant or were allocated to sham 
control and underwent the complete control procedure.

Descriptive statistics of continuous variables were 
reported as median and IQRs. Treatment differences 
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Results 
Between May 25, 2017, and July 24, 2020, 1072 participants 
were enrolled, 626 of whom met eligibility criteria for 
random assignment and were assigned to receive the atrial 
shunt device (n=314) or sham procedure (n=312; figure 1).

Baseline characteristics of participants were similar 
between study groups (table 1; appendix pp 36–37), and 
were typical for patients with heart failure and preserved 
ejection fraction (HFpEF) or with heart failure and mildly 
reduced ejection fraction (HFmrEF). The median age of 
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systolic pressure at 20W exercise (pinteraction=0·002). Men, 
patients with right atrial volume index in the highest 
tertile (>29·7 mL/m²), and patients with pulmonary 
artery systolic pressure at 20W of exercise in the highest 
tertile (>70 mm Hg) had worse heart failure event 
outcomes with the device (favouring sham control). 
Based on the finding of a significant interaction effect by 
baseline (pre-randomisation) pulmonary artery systolic 
pressure at 20W of exercise, we conducted an exploratory 
post-hoc analysis of additional invasive haemodynamic 
markers, and found that there was a differential effect of 
shunt treatment on heart failure events and KCCQ 
overall summary score based on peak exercise 
PVR. Patients with a peak exercise PVR of less than 
1·74 Wood units (n=382) appeared to benefit from the 
shunt (win ratio 1·28, p=0·032; incident rate ratio for 
heart failure events 0·71 [95% CI 0·42–1·20]; change in 
placebo-corrected KCCQ overall summary score 
5·5 [1·6–9·5]; appendix pp 47–48), whereas patients with 
a peak exercise PVR of at least 1·74 Wood units (n=188) 
appeared to do worse with the shunt device (incident 
rate ratio for heart failure events 2·48 [1·23–5·01]; 
change in placebo-corrected KCCQ overall summary 
score –6·2 [–11·8 to –0·7], pinteraction=0·031).

There were no differences in the composite safety 
endpoint between the two groups (table 2). However, 
patients treated with the shunt were more likely to have a 
major cardiac event (cardiac death, myocardial infarction, 
cardiac tamponade, or emergency cardiac surgery) in the 
12 months after the index procedure than were patients 
who underwent the sham procedure (4% vs 1%, p=0·025). 
Full details are provided in the appendix (pp 33–34). 
There were also more vascular complications in the 
shunt device treatment group (18 events in 13 patients, 
eight [61%] of whom had access site haematomas) than 
in the sham procedure group (0 events; appendix p 43).

Discussion 
Overall, among patients with heart failure, an ejection 
fraction of at least 40%, and documented invasive 
exercise PCWP of at least 25 mm Hg, we found no 
significant differences between atrial shunt device 
treatment and sham procedure in terms of cardiovascular 
death, nonfatal ischaemic stroke, total rate of worsening 
heart failure events, and health status. However, there 
were differential treatment effects in some of the 
prespecified subgroups. Men and patients with 
pulmonary artery systolic pressure of at least 70W at 20W 
of exercise or right atrial volume index of at least 
29·7 mL/m² appeared to have more frequent heart 
failure events with the device. Further post-hoc analyses 
revealed that patients with a peak exercise PVR of less 
than 1·74 Wood units (which corresponds to the upper 
limit of normal) might represent a responder group, with 
improved outcomes and health status with atrial shunt 
device treatment compared with sham control. The 
overall composite safety endpoint was similar between 

treatment groups, although shunt device-treated patients 
had a higher frequency of vascular complications and 
major cardiac events than sham-treated patients.

The REDUCE LAP-HF II trial was designed on the 
basis of the positive results of the REDUCE LAP-HF I 
trial, which showed that the Corvia atrial shunt device 
was associated with a reduction in exercise PCWP at 
1 month after randomisation compared with sham 
control, confirming its mechanistic benefit in patients 
with HFpEF or HFmrEF.7 In addition, the level of 
PCWP reduction in the shunt device-treated patients in 
the REDUCE LAP-HF I trial, though modest, 
(eg, 5·0 mm Hg mean decrease with legs up; 3·2 mm Hg 
decrease at 20W exercise at 1 month after device 
implantation) is likely to be clinically meaningful 

Figure 2: Kaplan-Meier estimates of primary efficacy outcomes among heart failure with ejection fraction of 
at least 40% randomly allocated to the atrial shunt device versus sham procedure
(A) Cardiovascular death or non-fatal ischaemic stroke. (B) Heart failure events requiring treatment.
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Figure 3: Forest plot of 
treatment effect on 

recurrent heart failure events 
by prespecified subgroups  

All prespecified 
echocardiographic and 

invasive haemodynamic 
subgroups are shown in the 

appendix (p 46). 
NYHA=New York Heart 

Association. HFmrEF=heart 
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(appendix p 49), based on the association between lower 
values of legs up and exercise PCWP with lower risk of 
heart failure events. However, we cannot prove that 
shunt device-associated lowering of exertional PCWP is 
associated with improved outcomes based on the design 
of the present trial, which did not include serial 
haemodynamic testing.

The REDUCE LAP-HF II trial required each patient to 
undergo invasive exercise haemodynamic testing to 
confirm the diagnosis of heart failure in the presence of 
ejection fraction of at least 40%, which added considerable 
rigour to the trial. Nevertheless, even in accurately 
diagnosed patients, HFpEF and HFmrEF can be 
associated with multiple varying aetiologies and 
pathophysiologies that underly its heterogeneity.18 To be 
beneficial, interatrial shunting requires a specific 
phenotype: elevated left atrial pressure in the absence of 
right-sided heart failure or significant pulmonary vascular 
disease. Indeed, REDUCE LAP-HF II and previous trials 
of the Corvia Atrial Shunt in essence have all been 
enrichment trials, a type of precision medicine trial,19,20 
with each documenting elevated exercise PCWP (a 
surrogate for left atrial pressure) and using comprehensive 
non-invasive and invasive diagnostics to select patients 
who were most likely to benefit from the shunt.

The results of REDUCE LAP-HF II highlight a 
potentially important exclusion criterion for interatrial 
shunt device treatment—pulmonary vascular disease 
uncovered during exercise. To restrict enrolment to 
individuals expected to benefit from shunt device 
treatment, we excluded patients with resting indicators 
of right heart failure and pulmonary vascular disease 
(including significant right ventricular dysfunction, 
right atrial pressure >14 mm Hg, and PVR >3·5 Wood 
units). However, our strategy might have been 
inadequate for excluding pulmonary vascular disease 
uncovered by exercise, since treatment with the shunt 
device was associated with worse outcomes in patients 
with peak exercise PVR of at least 1·74 Wood units, 
whereas there was a suggestion of a potential beneficial 
response to shunt device therapy in patients with a 
normal pulmonary vascular response to exercise. The 
reason for these differential outcomes requires further 
investigation. It is known that many patients with 
HFpEF display elevations in PVR during exercise that 
are not apparent at rest, which increases afterload on the 
right ventricle, thereby resulting in increased right atrial 
pressure,21 potentially leading to more frequent heart 
failure events and worse health status. This pheno-
menon might also impair right-sided ventricular-arterial 
coupling and further contribute to right ventricular 
failure.22 Treatment with atrial shunt device in patients 
with evidence of pulmonary vascular disease during 
exercise could also accelerate development of right 
ventricular dysfunction, which is strongly associated 
with increased morbidity and mortality in HFpEF.23,24 
The apparent sex difference in response to shunt device 

treatment also requires further investigation. Men have 
larger right atrial volumes and worse right ventricular 
systolic function than women, both of which could have 
led to worse outcomes with shunt device treatment. 
Increased right atrial volume, which were also associated 
with worse outcomes with the device, could be indicative 
of greater chronic overload of the right heart—which 
could have hampered left atrial decompression via 
the shunt device—and subclinical right ventricular 
dysfunction which might have responded unfavourably 
to left-to-right shunting.

Although previous randomised trials of angiotensin 
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vascular complications) and major cardiac events, though 
relatively rare, were more common in shunt device-
treated patients, these potential adverse effects must be 
weighed against any potential benefits of left-to-right 
shunting in subgroups of patients with HFpEF and 
HFmrEF who might respond favourably to the atrial 
shunt device.

Several limitations should be considered when 
interpreting the trial results. Although based on pre-
specified subgroup analyses demonstrating a differential 
treatment effect by presence or absence of significantly 
elevated pulmonary artery systolic pressure during 
exercise, the peak exercise PVR subgroup analyses were 
done post hoc and thus should be considered exploratory. 
There was a large improvement in the KCCQ score in the 
control group, which might have made it difficult to 
show a benefit in health status with the device. However, 
recent heart failure trials have shown that baseline KCCQ 
score is inversely related to improvement in KCCQ score 
in the control group (appendix pp 44, 50); therefore, it is 
not surprising that there was a large improvement in the 
control group in the present trial, given the very low 
KCCQ scores at baseline. The observed mortality rate in 
the trial was much lower than the predicted mortality 
rate. However, patients with major risk factors for 
increased mortality in HFpEF and HFmrEF (such as 
significant right ventricular dysfunction, overt pulmonary 
vascular disease, and inability to exercise) were excluded, 
which could have led to the lower-than-expected mortality 
rate. Although the long-term efficacy and safety of the 
atrial shunt device compared with sham control cannot 
yet be reported, the previous open-label (n=64) and 
REDUCE LAP-HF I randomised clinical trials (n=44) 
have demonstrated excellent long-term durability and 
safety of the device, and all patients in the trial will be 
followed up for at least 5 years. Our results also only 
apply to the 8-mm shunt diameter of the Corvia Atrial 
Shunt Device. Whether similar results would occur with 
smaller or larger interatrial shunts remains to be 
determined. It is also possible that patients with atypical 
forms of heart failure with ejection fraction of at least 
40% (eg, infiltrative cardiomyopathy) were inadvertently 
enrolled in the trial, though unlikely given the 
requirements for a preserved cardiac index and a 
difference between PCWP and right atrial pressure of at 
least 5 mm Hg. Finally, COVID-19 was associated with a 
lower heart failure event rate during follow-up, an 
observation which has been well documented in patients 
with heart failure in the COVID-19 era.28,29 However, the 
lower heart failure event rate did not appear to have a 
significant effect on the primary outcome, and the overall 
rate of heart failure events (despite COVID) was more 
than twice as high as recent HFpEF pharmacotherapy 
trials.26,30

In summary, in this adequately powered, sham-
controlled, randomised trial of patients with heart failure 
and ejection fraction of at least 40%, placement of an atrial 

shunt device did not result in a reduction in total rate of 
heart failure events or improvement in health status. 
However, treatment efficacy differed by presence or 
absence of pulmonary vascular disease unmasked by 
exercise; patients with no evidence of pulmonary vascular 
disease during exercise appeared to benefit from the device 
whereas patients with elevated PVR during exercise had 
worse outcomes. Additional studies will be required to 
evaluate the efficacy, safety, durability, and long-term 
clinical impact of atrial shunt device treatment in patients 
with heart failure and ejection fraction of at least 40% with 
no evidence of pulmonary vascular disease during exercise.
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Data sharing
Data requests can be submitted to Corvia Medical 
(info@corviamedical.com). Data will be shared with researchers who 
submit a detailed research proposal upon approval by the study 
steering committee. Data will not be made available until after 
approval of the product in the USA and Japan and not until reporting 
of the final results, anticipated in 2027. Individual patient data will be 
shared in datasets in a de-identified and anonymised format.
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