Heart failure and cardiomyopathies

» Additional supplemental
material is published online
only. To view, please visit the
journal online (https://doi.
org/10.1136/heartjnl-2025-
326319).

For numbered affiliations see
end of article.

Correspondence to

Dr Nianguo Dong;
sxs_dng@163.com and Dr
Xiaoke Shang;
sxs_sxk@163.com

CZ,YZ and QL contributed
equally.

Received 9 May 2025
Accepted 22 August 2025
Published Online First

17 October 2025

| '.) Check for updates

© Author(s) (or their
employer(s)) 2026. No
commercial re-use. See rights
and permissions. Published by
BMJ Group.

To cite: Zhang C,
Zhong Y, Li Q, et al. Heart
2026;112:624-629.

Original research

Prospective multicentre single-arm study of an interatrial
shunt in heart failure with reduced ejection fraction
(SUSTAIN-HF): 1-year clinical and haemodynamic

outcomes

Changdong Zhang,' Yucheng Zhong,1 Qiaozhen Li,* Guangyuan Song,’ Jian Yang,”

Xiaoping Peng,” Yan Li® Qingwei Ji,

Geng Li," Jun Tian," Mei Liu,' Qing Wang,®

Ming Sun,' Changyu Qin,' Xueli Wang,' Song Chen,' Xiaoke Shang, '

Nianguo Dong @ ?

ABSTRACT

Background Evidence for atrial shunt devices in heart
failure with reduced ejection fraction (HFrEF) is limited.
This study aimed to evaluate the 1-year clinical and
haemodynamic outcomes associated with an atrial shunt
device in this population.

Methods In this prospective, multicentre, single-
arm cohort study of an interatrial shunt in heart
failure with reduced ejection fraction (SUSTAIN-HF),
120 symptomatic HFrEF patients (left ventricular
ejection fraction; LVEF <40%) on guideline-directed
medical therapy were enrolled across 16 centres

in China. The intervention was implantation of the
D-Shant atrial shunt device. Prespecified primary
outcomes were the changes from baseline to 1

year in 6 min walk distance (6MWD) and New

York Heart Association (NYHA) functional class.
Secondary outcomes included quality of life (Kansas
City Cardiomyopathy Questionnaire; KCCQ),
echocardiographic parameters and adjudicated
adverse events.

Results Between October 2017 and December
2021, 120 patients were enrolled. At 1-year follow-
up, implantation of the shunt device was associated
with significant improvements in clinical outcomes.
The mean 6MWD increased by 54.1 m (95% Cl
45.9 t0 62.3; p<0.0001), and the KCCQ overall
score was improved by 16.5 points (95% CI 13.9
to 19.1; p<0.0001). The proportion of patients in
NYHA class 11I/IV decreased from 95.0% to 22.9%
(p<0.0001). The annualised rate of heart failure
hospitalisation was reduced from 3.3 to 0.3 events
per patient-year (p<0.0001). LVEF increased by
9.0% (95% C1 6.9% to 11.1%; p<0.0001). The
primary safety endpoint, a composite of major
adverse cardiac and device-related events at 1 year,
occurred in 15.0% of patients, driven primarily by
cardiovascular death.

Conclusions In this prospective cohort study

of symptomatic HFrEF patients, treatment with

the D-Shant atrial shunt device was associated

with significant improvements in functional
capacity, quality of life and rates of heart failure
hospitalisation at 1 year. The single-arm design
precludes definitive conclusions on treatment

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Evidence supporting atrial shunt device
implantation in patients with heart failure
with reduced ejection fraction (HFrEF) remains
limited, especially regarding long-term
functional and haemodynamic benefits.

WHAT THIS STUDY ADDS

= This multicentre study demonstrates that in a
cohort of HFrEF patients, atrial shunt device
implantation was associated with significant
1-year improvements in New York Heart
Association class, 6 min walk distance and
quality of life, alongside a marked reduction in
rehospitalisation rates.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= These hypothesis-generating findings support
the rationale for further investigation of atrial
shunt therapy in HFrEF through rigorously
designed randomised, sham-controlled trials to
establish efficacy and refine patient selection.

efficacy, underscoring the need for randomised,
sham-controlled trials.

INTRODUCTION

Atrial shunt devices have emerged as a promising
therapeutic option for heart failure (HF), attracting
significant attention since their introduction.’” The
core principle involves creating a left-to-right inter-
atrial shunt to decompress the left atrium, thereby
alleviating the pulmonary congestion that drives
symptoms in left HE.** HF is a complex clinical
syndrome broadly categorised into HF with reduced
ejection fraction (HFrEF) and HF with preserved
ejection fraction (HFpEF).® HFrEF, defined as a
left ventricular ejection fraction (LVEF) =40%,
is primarily associated with impaired myocardial
contractility from conditions like ischaemic heart

64 )

Zhang C, et al. Heart 2026;112:624-629. doi:10.1136/heartjnl-2025-326319

BM) Group

'saifojouyoal Jejiwis pue ‘Buiuresy |v ‘Buluiw elep pue 1xa1 01 pale|al sasn 1o Buipnjoul ‘1ybliAdod Aq palosalold
‘apn[es e| ap selousld ap sauobely 1sul 18 9Z0Z ‘T ABN UO /W0 (W ireay//:diy woly papeojumod ‘Gz0z 18090100 LT U0 TEIZE-GZ0Z-|ulieay/9eTT 0T se paystignd 1siyy :11eaH


https://www.bcs.com/pages/default.asp
https://heart.bmj.com/
https://orcid.org/0000-0001-5080-4523
https://doi.org/10.1136/heartjnl-2025-326319
https://doi.org/10.1136/heartjnl-2025-326319
https://doi.org/10.1136/heartjnl-2025-326319
https://crossmark.crossref.org/dialog/?doi=10.1136/heartjnl-2025-326319&domain=pdf&date_stamp=2026-05-06
http://heart.bmj.com/

Heart failure and cardiomyopathies

disease or dilated cardiomyopathy.”® Despite the “four pillars’ of
guideline-directed medical therapy, many HFrEF patients remain
highly symptomatic, with poor quality of life and frequent
hospitalisations, underscoring a significant unmet clinical need
for novel therapeutic strategies.” '°

Initial enthusiasm for atrial shunting was largely focused on
HFpEF. The REDUCE LAP-HF (Reduce Elevated Left Atrial
Pressure in Patients With Heart Failure) I trial showed that the
Corvia TASD effectively reduced left ventricular filling pres-
sure and improved functional status.'' However, the pivotal
REDUCE LAP-HF 1II randomised trial yielded overall neutral
results, highlighting the heterogeneity of the HFpEF population
and suggesting that patient selection is critical.” '* More recently,
the RELIEVE-HF trial, which included both HFpEF and HFrEF
patients, found that while the HFpEF subgroup experienced
adverse outcomes, the HFrEF subgroup showed a signal towards
improved prognosis.* These findings, though preliminary,
suggest that HFrEF may be a more suitable target for atrial shunt
therapy. Nevertheless, robust clinical evidence for atrial shunting
specifically in HFrEF patients remains notably limited."

The D-Shant atrial shunt device is the first of its kind devel-
oped in China, with preliminary results from its first-in-human
study already reported in our two previous trials."* ** This study
was designed to address the evidence gap by evaluating the
safety and clinical outcomes associated with the D-Shant device
in a large, multicentre HFrEF cohort. Our primary objectives
were to assess the 1-year changes in functional capacity, clinical
status and haemodynamics. We also aimed to explore baseline

Assessed for eligibility (n = 152)

predictors of clinical outcomes to help generate hypotheses for
refining patient selection for this emerging therapy.

MATERIALS AND METHODS

Study population and design

This was a national, multicentre, prospective, single-arm cohort
study evaluating an interatrial shunt in heart failure with reduced
ejection fraction (SUSTAIN-HF) conducted across 16 cardiac
centres in China. The study was registered at the Chinese Clin-
ical Trial Registry (ChiCTR-ONC-17011730). The protocol was
approved by the institutional review board of Union Hospital,
Tongji Medical College, Huazhong University of Science and
Technology (No. 2021-0546), and all patients provided written
informed consent before any study-related procedures. A total of
188 patients were assessed for eligibility, of whom 120 met the
criteria and were enrolled. The flow of participants is detailed
in the Consolidated Standards of Reporting Trials diagram
(figure 1).

The sample size was not based on a formal power calculation
but was a convenience-based sample determined by the recruit-
ment capacity across the participating centres over a predefined
period. The target enrolment of 120 patients was considered
sufficient to provide initial estimates of safety, feasibility and
clinical outcomes to generate hypotheses for future randomised
controlled trials.

Key inclusion criteria were: age =18 years; a diagnosis of
chronic HFrEF (LVEF <40%); persistent symptoms (New York
Heart Association (NYHA) functional class II-1V) despite at least

=,

Excluded (n = 32)

| * Did not meet inclusion criteria (n = 21)
+ Declined to participate (n = 11)

Completed 12-month follow-up|

Enroliment
¥
b
- Enrolled and received intervention
Allocation (n = 120)
¥
h 4 4
Lost to follow-up (n = 15)
Follow-Up « Patient withdrew consent (n = 8) {n = 105)
+» Death unrelated to device or procedure (n =
7)
v
Included in the primary analysis
Analysis (Intent-to-Treat)
(n =120)
Figure 1 CONSORT 2010 flow diagram. CONSORT, Consolidated Standards of Reporting Trials.
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Table 1 Baseline clinical, echocardiographic and haemodynamic
characteristics (N=120)

Characteristic Value
Demographics and clinical profile
Age (years), mean+SD 61.7£11.5
Male, n (%) 85(70.8)
Atrial fibrillation at baseline, n (%) 45 (37.5)
Heart failure aetiology, n (%)
Ischaemic cardiomyopathy 40 (33.3)
Dilated cardiomyopathy 70 (58.3)

Other 10 (8.3)
NYHA functional class, n (%)

Il 6 (5.0)
1] 98 (81.7)
\% 16 (13.3)
Prior HF hospitalisations (per year), mean+SD 3.3+1.8
Key functional and quality of life measures
6min walk distance (m), mean+SD 291.7+89.4
KCCQ overall summary score, mean+SD 64.7+15.4
Key echocardiographic and haemodynamic measures
LV ejection fraction (%), mean+SD 30.8+5.8
LV end-diastolic diameter (cm), mean+SD 6.71+0.95
Moderate or severe mitral regurgitation, n (%) 68 (56.7)
Mean left atrial pressure (mm Hg), mean+SD 16.5+6.3
Mean pulmonary artery pressure (mm Hg), mean+SD 24.8+9.4

Data are presented as mean=SD for continuous variables and n (%) for categorical
variables.

KCCQ, Kansas City Cardiomyopathy Questionnaire; LV, left ventricular; NYHA, New
York Heart Association.

4weeks of stable, guideline-directed medical therapy; at least
one hospitalisation for HF in the past year; and elevated natri-
uretic peptides (NT-proBNP =1000 pg/mL for sinus rhythm,
=1600 pg/mL for atrial fibrillation or equivalent B-type natri-
uretic peptide (BNP) levels). All patients were required to have
invasive haemodynamic confirmation of elevated left-sided
filling pressures, defined as a resting mean left atrial pressure
(LAP) or pulmonary artery wedge pressure (PAWP) =15 mm Hg,
or a peak exercise PAWP =25 mm Hg with a resting left-to-right
atrial pressure gradient =5 mmHg.

Key exclusion criteria were clinically significant primary
valvular disease or coronary artery disease requiring intervention;
high-risk factors for sudden cardiac death without an implanted
defibrillator; significant right ventricular dysfunction (eg, RV
fractional area change (RVFAC) < 25%) or severe pulmonary
hypertension (mean right atrial pressure >12mm Hg, pulmo-
nary artery systolic pressure >70mm Hg or pulmonary vascular
resistance >5 Wood units); anatomical abnormalities precluding
transseptal access; presence of intracardiac thrombus; recent

myocardial infarction or cardiac surgery (<1 month); and severe
non-cardiac comorbidities. A complete list of eligibility criteria
is provided in online supplemental methods S1.

Intervention: D-shant device and procedure

The D-shant atrial shunt device is a self-expanding, retrievable
implant made from a nickel-titanium alloy braid. Its design
features reinforced structural support at the shunt orifice to
maintain patency and prevent compression after implantation.
The device is available in orifice diameters of 4, 6, 8 and 10 mm,
allowing for personalised shunt sizing. Device selection was
guided by a clinical algorithm based on the patient’s exercise
tolerance and LAP. For patients in NYHA class III with LAPs of
20-40mm Hg, a 6 mm device was typically chosen. For more
severe patients (NYHA III-TV, LAPs >40 mm Hg), a smaller 4 mm
shunt was selected to mitigate excessive shunting. Conversely, for
less severe, stable patients (NYHA II-III, LAPs <20 mm Hg), an
8 mm device was considered. The chosen size was systematically
reduced by one level (2mm) if there was evidence of right heart
dilation or dysfunction or significant pulmonary hypertension,
to minimise the risk of right heart volume overload. A detailed
step-by-step description of the implantation protocol is found in
online supplemental methods S1.

All implantation procedures were performed under local
anaesthesia with conscious sedation, guided by both fluoros-
copy and transoesophageal echocardiography (TEE). Access
was obtained via the right femoral vein for baseline right heart
catheterisation. Following successful transseptal puncture under
TEE guidance, the atrial septum was dilated with a high-pressure
balloon. The D-shant delivery sheath was then advanced into
the left atrium, and the device was deployed across the septum.
Postdeployment haemodynamics (left atrial pressure, LAP; right
atrial pressure, RAP; pulmonary artery pressure, PAP) and shunt
flow were immediately assessed. If the haemodynamic effect
was deemed suboptimal or excessive, the device could be fully
retrieved into the sheath and exchanged for a different size
before final release.

Endpoints and assessments

The primary endpoints were the changes from baseline to 1
year in 6min walk test distance and NYHA functional class.
Secondary endpoints included changes in quality of life (Kansas
City Cardiomyopathy Questionnaire (KCCQ) score),'® echo-
cardiographic parameters (LVEF, LV dimensions, diastolic func-
tion), invasive haemodynamics (immediately postprocedure)
and the annualised rate of HF-related rehospitalisations. Safety
endpoints included a composite of major adverse cardiac and
device-related events (MACDE), defined as all-cause mortality,
stroke, device embolisation or cardiac tamponade, adjudicated
by an independent clinical events committee. Assessments were

Table 2 Key efficacy outcomes at baseline and 1-year follow-up

Outcome measure Baseline (N=120) 1-year follow-up Mean change (95% Cl) P value
NYHA functional class =IlI, n (%) 114 (95.0%) 24/105 (22.9%) -72.1% <0.0001
6MWD (m), mean+SD 291.7+89.4 345.8+91.2 +54.1 (45.9 10 62.3) <0.0001
KCCQ overall summary score, mean+SD 64.7+15.4 81.2+15.0 +16.5(13.9t0 19.1) <0.0001
Left ventricular ejection fraction (%), mean+SD 30.8+5.8 39.8+12.2 +9.0 (6.9t0 11.1) <0.0001
Annualised rate of HF hospitalisation (events/person-year) 33 0.3 -3.0 <0.0001

Data are presented as n (%) or mean+SD The 1-year follow-up cohort consists of patients who completed the 1-year visit. Mean change and 95% CI for 6MWD and KCCQ were
derived from linear mixed-effects models. P value for NYHA Class change was derived from McNemar's test. P value for LVEF change was from a paired t-test.
HF, heart failure; KCCQ, Kansas City Cardiomyopathy Questionnaire; LVEF, left ventricular ejection fraction; 6MWD, 6 min walk distance; NYHA, New York Heart Association.
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Change in 6-Minute Walk Distance (6MWD)
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Figure 2 Individual patient changes in 6 min walk distance (6MWD)

from baseline to 1 year. Spaghetti plot showing individual trajectories
for all patients with available data. The thick blue line represents the
mean change estimated by the mixed-effects model.

performed at baseline, discharge and at 1, 3, 6 and 12-month
postprocedure.

Statistical analysis

Continuous variables are presented as mean=SD or median with
IQR, and normality was assessed using the Shapiro-Wilk test.
Comparisons between groups were made using independent
samples t-tests or Mann-Whitney U tests. Categorical variables
were described as counts and percentages and compared using
the x> or Fisher’s exact test. For within-group longitudinal
changes, paired t-tests or Wilcoxon signed-rank tests were used.
For longitudinal analysis of continuous endpoints (6 min walk
distance (6MWD) and KCCQ), linear mixed-effects models were
used to account for missing data and intrasubject correlation
over time. These models included all available data from all 120
enrolled patients under a missing-at-random assumption. All
analyses were conducted using GraphPad Prism (V.9) and SPSS
(V.26). A two-sided p value of <0.05 was considered statistically
significant.

Change in KCCQ Overall Summary Score

100 |
Mean: 81.2
g 75 |
§ Mean: 64.7
]
[&]
(]
< 50
25
Baseline 1 Year

Figure 3 Individual patient changes in KCCQ overall summary score

from baseline to 1year. Spaghetti plot showing individual trajectories
for all patients with available data. The thick blue line represents the
mean change estimated by the mixed-effects model. KCCQ, Kansas City
Cardiomyopathy Questionnaire.

Heart failure and cardiomyopathies

Table 3 Adjudicated adverse events through 1-year follow-up
(N=120)

Total at 1
year, n (%)

Periprocedural
(<7 days), n (%)

Postdischarge

Adverse event category to 1 year, n (%)

Composite safety endpoint (MVACDE)

All-cause mortality, stroke, device 1 (0.8) 17 (14.3) 18 (15.0)
embolisation, cardiac tamponade

Individual events
All-cause mortality 0(0.0) 12 (10.0) 12 (10.0)
Cardiovascular death 0(0.0) 6 (5.0) 6 (5.0)
Non-cardiovascular death 0(0.0) 6 (5.0) 6 (5.0)
Stroke (ischaemic or 0(0.0) 2(1.7) 2(1.7)
haemorrhagic)
Device-related thrombus or 0(0.0) 0(0.0) 0(0.0)
embolisation
Major bleeding (BARC 3 or 5) 1(0.8) 3(2.5) (3.3)
Worsening right heart failure 0(0.0) 5(4.2) (4.2
(requiring hospitalisation)
New-onset sustained atrial 2(1.7) 7 (5.9) 9 (7.5)
fibrillation/flutter (>30s)
Device malposition/migration 0(0.0) 0(0.0) 0(0.0)

requiring intervention

Events were adjudicated by an independent clinical events committee.
BARC, Bleeding Academic Research Consortium; MACDE, major adverse cardiac and device-
related events.

RESULTS

Baseline characteristics and procedural outcomes

The 120 enrolled patients represented a typical advanced HFrEF
population, with a mean age of 61.7+11.5 years and a mean
LVEF of 30.8+5.8%. The cohort was highly symptomatic, with
114 patients (95.0%) in NYHA class III or IV at baseline. The
aetiology of HF was predominantly non-ischaemic, with dilated
cardiomyopathy in 70 patients (58.3%) and ischaemic cardio-
myopathy in 40 (33.3%). Patients had a significant comorbidity
burden and a history of frequent hospitalisations (mean 3.3 in
the prior year). Baseline invasive haemodynamics confirmed
elevated filling pressures, with a mean LAP of 16.5+6.3 mm Hg.
The implantation procedure was successful in all 120 patients,
with a mean shunt diameter of 6.0+1.3 mm. Baseline character-
istics are summarised in table 1.

Clinical and functional outcomes at 1 year

At 1-year follow-up, there were significant associations with
improvements in primary and secondary clinical endpoints
(table 2). The proportion of patients in advanced NYHA class
(ITI/TV) decreased from 95.0% to 22.9% (p<0.0001). Based
on the mixed-effects model, the mean 6MWD significantly
increased by 54.1 m (95%CI 45.9 to 62.3; p<0.0001) from
a baseline of 291.7+89.4m. Quality of life, measured by the
KCCQ overall summary score, also showed a substantial and
clinically meaningful improvement of 16.5 points (95% CI13.9
to 19.1; from 64.7+15.4; p<0.0001). The annualised rate of
HF-related rehospitalisation decreased more than tenfold, from
3.3 events per person-year preimplantation to 0.3 events post-
implantation (p<0.0001). Individual patient trajectories for
6MWD and KCCQ are displayed in figures 2 and 3, respectively.
Detailed longitudinal data for these outcomes are shown in
online supplemental figure S1.

Haemodynamic and echocardiographic changes

The atrial shunt induced immediate and significant haemody-
namic changes. Mean LAP was reduced from 16.5+6.3 mm
Hg to 11.6+5.4mm Hg (p<0.001), and the mean pulmonary
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artery pressure fell from 24.8+9.4mm Hg to 21.5+8.1mm Hg
(p=0.004). Right atrial pressure and cardiac index remained
unchanged. Over the 1-year follow-up, serial echocardiography
demonstrated associations with significant favourable structural
remodelling of the left ventricle. The mean LV internal diam-
eter in diastole decreased from 6.71+0.95cm at baseline to
6.19+1.13cm at 1 year (p<0.001), while LVEF significantly
improved from 30.8%=5.8%to 39.8%=12.2% (p<0.0001),
indicating improved systolic function. Exploratory correlation
analysis showed a modest but significant association between
the reduction in LV end-diastolic diameter and the improve-
ment in 6MWD (r=-0.28, p=0.011), but not with the change
in KCCQ score (r=—0.15, p=0.14) (online supplemental table
S3). Detailed haemodynamic and echocardiographic data are
provided in online supplemental tables S1 and S2.

Safety outcomes

The implantation procedure was well tolerated with no peripro-
cedural deaths, strokes or device embolisations. Over the 1-year
follow-up, the primary composite safety endpoint (MACDE)
occurred in 18 patients (15.0%). There were 12 deaths (10.0%),
of which 6 were adjudicated as cardiovascular. Two non-fatal
ischaemic strokes (1.7%) occurred. There were no instances of
device migration, embolisation or need for surgical interven-
tion. A comprehensive summary of adjudicated adverse events
is provided in table 3.

DISCUSSION

This study, the largest to date evaluating a specific atrial shunt
device in an exclusively HFrEF population, provides compelling
hypothesis-generating evidence regarding its safety and asso-
ciation with favourable clinical outcomes. Implantation of the
D-Shant device was associated with significant, durable improve-
ments in functional capacity, quality of life and a dramatic
reduction in HF rehospitalisations at 1-year follow-up. These
clinical benefits were substantiated by objective evidence of
acute haemodynamic improvement and chronic favourable left
ventricular reverse remodelling.

The magnitude of the observed improvements is clinically
impressive. The 54 m increase in 6MWD and the 16.5-point
increase in KCCQ score both surpass established thresh-
olds for minimal clinically important differences, reflecting
a substantial positive impact on patients’ daily lives.'” The
greater than tenfold reduction in a hard clinical endpoint
like HF hospitalisation strongly supports the potential ther-
apeutic value of this intervention. Our findings of a 9.0%
absolute improvement in LVEF and a significant reduction
in hospitalisations are consistent with, and perhaps more
pronounced than, the positive signals observed in the HFrEF
subgroup of the RELIEVE-HF trial,'"® which reported a
trend towards fewer HF events in its open-label phase. This
consistency across different devices and patient populations
strengthens the rationale for targeting left atrial decompres-
sion in HFrEF.

Limitations

The foremost limitation of our study is its single-arm, non-
randomised design, which prevents us from drawing defin-
itive causal inferences and separating the device’s effects
from potential placebo effects or the impact of intensive
follow-up within a trial setting.’ The observed improve-
ments in subjective endpoints like KCCQ and NYHA class
may be particularly susceptible to these biases. While the

magnitude of change in objective endpoints like hospi-
talisations and LVEF is compelling, confirmation in a
sham-controlled randomised trial is the necessary next
step. Second, the modest sample size limits the precision
of our safety estimates and our ability to perform robust
subgroup analyses. Third, missing data due to patient attri-
tion, including death, could introduce bias, although we
attempted to mitigate this by using mixed-effects models for
our primary analyses.

CONCLUSION

In this large, prospective, multicentre cohort study of HFrEF
patients, implantation of the D-Shant atrial shunt device
was safe and associated with significant and clinically mean-
ingful improvements in functional capacity, quality of life
and rehospitalisation rates at 1 year. These findings support
atrial shunting as a promising therapeutic strategy for a
selected HFrEF population, generating a strong hypothesis
for further evaluation. Randomised controlled trials are
now warranted to definitively establish the efficacy of this
therapy.
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