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Abstract
Aims: The aim of this study was to assess the one-year safety and efficacy of the transcatheter ARTO sys-
tem in the treatment of functional mitral regurgitation (FMR).

Methods and results: MAVERIC is a multicentre, prospective, non-randomised pre-commercial study. 
Eligible patients were on guideline-recommended therapy for NYHA Class II-IV systolic heart failure 
and had an FMR grade ≥2+. The ARTO system was implanted in forty-five (100%) patients. The primary 
safety composite endpoint (death, stroke, myocardial infarction, device-related surgery, cardiac tampon-
ade, renal failure) at 30 days and one year was 4.4% (95% CI: 1.5-16.6) and 17.8% (95% CI: 9.3-32.4), 
respectively. Periprocedural complications occurred in seven patients (15.5% [95% CI: 6.5-29.5]), and five 
patients (11.1% [95% CI: 4.9-24.0]) died during one-year follow-up. Paired results for 36 patients dem-
onstrated that 24 (66.7%) had grade 3+/4+ mitral regurgitation at baseline; however, only five (13.9%) 
and three (8.3%) patients remained at grade 3+/4+ 30 days and one year post procedure (p<0.0001). 
Echocardiographic parameters such as anteroposterior annulus diameter decreased from 41.4 mm (base-
line) to 36.0 and 35.3 mm at 30 days and one year, respectively (p<0.0001). Twenty-five patients (69.4%) 
had baseline NYHA Class III/IV symptoms decreasing significantly to nine (25.0%) at 30 days and 
eight (22.2%) at one year post procedure (p<0.0001).

Conclusions: The ARTO transcatheter mitral valve repair system is both safe and effective in decreasing 
FMR up to one year post procedure.
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Abbreviations
AP diameter anteroposterior diameter of mitral annulus
EROA effective regurgitant orifice area
GCV great cardiac vein
LA left atrium
LV left ventricle
PISA proximal isovelocity surface area

Introduction
Functional mitral regurgitation (FMR) is often seen in heart fail-
ure (HF) patients with left ventricular (LV) dysfunction and mitral 
annular adverse remodelling resulting from either ischaemic or 
non-ischaemic dilated left heart disease1. There is a strong correla-
tion between the severity of FMR and HF hospitalisations and an 
association with increased all-cause mortality2-4. Although phar-
macological and/or cardiac synchronisation therapy is beneficial 
in some patients with FMR, others deteriorate, with surgical mitral 
valve annuloplasty remaining their only option5,6. Due to comor-
bidities, these patients are at increased operative risk and are not 
offered isolated surgical correction unless performed with other 
cardiac surgeries7,8. While alternatives such as the MitraClip® sys-
tem (Abbott Vascular, Santa Clara, CA, USA) are available, it is 
unknown whether it is an appropriate treatment for the majority of 
HF patients9. Consequently, there remains an unmet need for alter-
native transcatheter technologies in the treatment of FMR. Initial 
results of the MitrAl ValvE RepaIr Clinical Trial (MAVERIC 
trial), using the ARTO™ (MVRx Inc., San Mateo, CA, USA) 
system, have been reported previously10,11. The device decreases 
FMR via a suture that connects interatrial-septal and great car-
diac vein (GCV) anchors (Supplementary Figure 1). The ten-
sion on this suture reduces the anteroposterior (AP) diameter of 
the mitral annulus, thereby improving mitral leaflet coaptation11. 
Previous reports have shown reductions in FMR grade, decreased 
LV volumes, and improved functional class. The positive out-
comes achieved for the first 11 patients have allowed the study to 
be expanded to include a further 34 patients. We report the one-
year data of this expanded cohort of 45 patients.

Editorial, see page 1044

Methods
TRIAL DESIGN AND PATIENTS
MAVERIC is an ongoing, global, prospective, multicentre, non-
blinded, non-randomised safety and efficacy study of patients 
treated for FMR. The primary safety outcome is the major adverse 
event (MAE) rate 30 days post procedure. MAEs are defined 
as death, stroke, MI, cardiac tamponade, device-related car-
diac surgery and renal failure. Performance endpoints are tech-
nical success defined per the Mitral Valve Academic Research 
Consortium (MVARC)12, mitral regurgitation grade and change 
from baseline to 30 days as evaluated by two-dimensional (2D) 
transthoracic echocardiogram (TTE). An independent core labora-
tory (Cardiovascular European Research Centre [CERC], Massy, 
France) analysed all echocardiographic data and graded FMR 

as per the American Society of Echocardiography (ASE) guide-
lines12. All clinical events were adjudicated by an independent 
clinical events committee (CEC). Patients are followed at dis-
charge, 30 days, six months, and yearly for three years.

The trial was designed in accordance with the Declaration 
of Helsinki and registered with ClinicalTrials.gov (Trial ID: 
NCT02302872). Details of patient eligibility and enrolment have 
been reported previously and are presented in Supplementary 
Figure 2 10,11. Additional details are provided in Supplementary 
Appendix 1 and Supplementary Appendix 2.

STATISTICAL ANALYSIS
This study included a sample size of 45 patients and was pow-
ered for two objectives: first, to provide an estimate of the rate of 
MAEs at 30 days; second, to have >90% power to demonstrate 
that the upper limit of a two-sided confidence interval for the pro-
portion of patients with an MR grade of 2+ or higher at 30 days 
is not higher than 50% when assuming that the true proportion of 
patients with a 30-day MR grade of 2+ or lower is 75%.

Analysis of safety outcomes was performed on an intention-to-
treat basis (including all patients who underwent the procedure) 
using the Kaplan-Meier method, censoring at the time of the out-
come, death, or mitral valve replacement.

Analysis of efficacy outcomes excluded patients with an 
MR grade of 1+ at the echocardiography core laboratory 
(Supplementary Figure 2), although findings were not sensitive to 
this choice (data not shown). Comparisons of echocardiographic 
and functional measurements during follow-up used paired t-tests 
for continuous and approximately normally distributed variables 
and used sign-rank tests for ordinal or heavily skewed variables. 
Analyses were restricted to the set of patients with complete infor-
mation at all time points. Sensitivity analyses included all patients 
and used last observation carried forward to impute data in patients 
who died or did not have measurements.

Statistical tests were two-sided with p-values <0.05 considered 
statistically significant. Stata 15.1 (StataCorp LLC, College Sta-
tion, TX, USA) and R version 3.3.2 (R Foundation for Statisti-
cal Computing, Vienna, Austria) were used for statistical analyses.

Results
The ARTO system was implanted in 45 patients (60% males, 
69.8±12.3 years). Baseline characteristics are shown in Table 1 and 
Supplementary Table 1.

PROCEDURAL CHARACTERISTICS AND OUTCOMES
Median length of the ARTO procedure was 88 minutes (inter-
quartile range [IQR]: 65-110 minutes) and median discharge rate 
was 2 days (IQR: 1-5 days) (Table 2). Seven patients (15.5%) 
had procedural complications – 2 minor bleeds, 2 major bleeds 
and 3 minor vascular access-site complications. One of the major 
bleeds was due to central line insertion and the other was due to 
a delayed pseudoaneurysm at the access site resulting in a drop 
in Hb level of more than 3 g/dL necessitating a transfusion and 
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rendering it a major bleed per MVARC guidelines13. Thus, none 
of the complications was device-related, and technical success per 
MVARC12 definition was 100%.

Table 1. Baseline characteristics (n=45).

Characteristics
n/N (%), mean±SD  

or median (IQR)

Age, years 69.8±12.3

Male 27/45 (60.0)

Female 18/45 (40.0)

Current smoker 8/44 (18.2)

Echocardiographic characteristics

MR grade* 1+ 3/45 (6.7)

2+ 13/45 (28.9)

3+ 14/45 (31.1)

4+ 15/45 (33.3)

LVEDD, mm 63 (9)

LVESD, mm 54 (9)

LVEDVi, ml/m2 107 (26)

LVESVi, ml/m2 65 (24)

LVEF, % 40 (9)

Functional characteristics

NYHA Class II 12/45 (26.7)

III 30/45 (66.7)

IV 3/45 (6.7)

6-minute walk distance in metres,  
median (IQR)

280  
(200-408)

EQ5D-5L quality of life scale#,  
median (IQR)

0.75  
(0.70-0.84)

EQ5D visual analogue health status score 
(0-100)

52.5  
(50.0-70.0)

EuroSCORE, % 5.0±7.6

Society of Thoracic Surgeons (STS) score, % 3.8±3.4

Cardiovascular history

Myocardial infarction 17/45 (37.8)

CABG 6/45 (13.3)

PTCA (bare metal stent or drug-eluting) 15/45 (33.3)

Pacemaker/AICD 12/45 (26.7)

Atrial fibrillation 20/45 (44.4)

Peripheral vascular disease 2/44 (4.5)

No. of hospitalisations for heart failure  
in last 2 years 0.7±0.8

0 21/44 (47.7%)

1 19/44 (43.2%)

2 or more 4/44 (9.1%)

Baseline medications

ACE inhibitor or ARB 38/45 (84.4%)

Beta-blocker 40/45 (88.9%)

Diuretic 44/45 (97.7%)

* 3 patients enrolled with locally assessed MR grade of 2+ but were 
determined to have MR grade of 1+ by the echo core laboratory. # Using 
UK weighting14.

Table 3. Major adverse events in all enrolled patients.

30 days  
n (%)

6 months  
n (%)

1 year  
n (%)

Primary safety composite 
endpoint* 2 (4.4%) 7 (15.6%) 8 (17.8%)

Death 0 (0.0%) 3 (6.7%) 5 (11.3%)

Cardiovascular 0 (0.0%) 3 (6.7%) 5 (11.3%)

Non-cardiovascular 0 (0.0%) 0 (0.0%) 0 (0.0%)

Stroke 0 (0.0%) 1 (2.3%) 1 (2.3%)

Myocardial infarction 0 (0.0%) 1 (2.3%) 1 (2.3%)

Mitral surgery/intervention 0 (0.0%) 1 (2.3%) 1 (2.3%)

Cardiac effusion/tamponade 1 (2.2%) 1 (2.2%) 1 (2.2%)

Renal failure 1 (2.2%) 3 (6.8%) 3 (6.8%)

*Death, stroke, myocardial infarction, cardiac effusion/tamponade, 
device-related cardiac surgery, renal failure.

Table 2. Procedural characteristics and outcomes (n=45).

Procedural characteristics
n/N (%), mean±SD  

or median (IQR)

Technical success (by MVARC)* 45/45 (100)

Intubation time, minutes 178 (151-253)

Total ARTO procedure time, minutes 88 (65-110)

Total procedure time, minutes 98 (76-120)

Total contrast volume, ml 60 (37-120)

Total X-ray dose, mGy 2,478 (926-5,633)

Total fluoroscopy time, minutes 39 (36-46)

Length of stay, days 2 (1-5)

Procedural outcomes n (%)

Vascular access complications 3 (6.7%)

Major bleeding# 2 (4.4%)

Minor bleeding# 2 (4.4%)

Compression or compromise of left 
circumflex or coronary artery 0 (0.0%)

New-onset atrial fibrillation 0 (0.0%)

*Mitral Valve Academic Research Consortium. # As per Valve Academic 
Research Consortium-2 criteria.

SAFETY OUTCOMES
Thirty-day, six-month and one-year safety outcomes are shown 
in Table 3 and Figure 1. By day 30, two MAEs (4.4%) were 
reported. One was a pericardial effusion requiring surgical drain-
age resulting in complete recovery. In another patient the CT 
scan was performed two days prior to the ARTO procedure and 
together resulted in acute kidney injury (AKI) followed by full 
recovery. This patient died 305 days post procedure from HF 
deterioration.

Seven MAEs from 30 days to six months included three deaths (all 
adjudicated as cardiovascular unrelated to the device or procedure), 
one each for stroke, MI, device-related reoperation and renal fail-
ure. The causes of the above deaths as per autopsy were either com-
plications arising from ischaemic heart disease or sequelae of HF.
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Within one year, MAEs occurred in eight patients (17.8% [95% CI: 
9.3-32.4]) including five deaths (11.1% [95% CI: 4.9-24.0]).

EFFICACY OUTCOMES
REDUCTION IN MR AS ASSESSED BY ECHOCARDIOGRAPHIC 
PARAMETERS
MR reduced significantly at 30 days compared to base-
line (p<0.0001) (Table 4, Figure 2), with no evidence of any 
change in MR grade between 30 days and one year (p=0.30). 
In paired analyses of 36 patients, MR grade 3+/4+ was present 
in 24 (66.7%) at baseline, 5 (13.9%) at one month and 3 (8.3%) 
at one year (p<0.0001). Significant improvements were noted in 
other echocardiographic indices at one month compared to base-
line (Table 4, Figure 2), including a 13% decrease in AP diameter 
(41.4 vs 36.0 mm, p<0.0001), 47% decrease in regurgitant volume 
(44.8 vs 23.2 ml, p=0.0001), 48% decrease in effective regurgi-
tant orifice area (EROA; 26.9 vs 13.9 mm2, p=0.0001) and 33% 
improvement in vena contracta (6.0 vs 4.0 mm, p<0.0001), all of 
which were sustained at one year post procedure.

Improvements in cardiac function one year post procedure 
were demonstrated by a 13% decrease in LV end-systolic volume 
(LVESVi; 65.7 vs 57.1 ml/m2, p=0.0102), 14% decrease in LV end-
diastolic volume (LVEDVi; 107.9 vs 92.9 ml/m2, p=0.0013) and 
21% reduction in left atrial volumes (62.1 vs 48.9 ml/m², p=0.0004), 
all indexed to body surface area.

FUNCTIONAL IMPROVEMENTS POST PROCEDURE
NYHA class improved whereby 8 patients (22.2%) were classified 
as NYHA Class III/IV at one year, compared to 9 (25.0%) at 30 days 
and 25 patients (69.4%) at baseline (p-value for improvements in 
NYHA <0.0001 for both classes). Additionally, there were no signi-
ficant changes in medication use (Supplementary Table 2), and 
there were only five HF-related hospitalisations (11.7% [95% CI: 
5.1-25.9]). Significant improvements at 30 days compared to base-
line were reported in the EQ-5D self-assessed health status (vis-
ual analogue scale from 0-100, median 75% at 30 days vs median 
52.5% at baseline, p-value=0.0002)14. Paired analyses for six-min-
ute walk tests (6MWT) in 43 patients showed ~16.67% improve-
ment in distance covered at 30-day follow-up compared to baseline 
(p=0.0286); no further improvements were observed from 30 days 
to one year (p=0.20) (Supplementary Figure 3). Findings were simi-
lar in sensitivity analyses (Supplementary Table 3).

Discussion
The MAVERIC study, designed to assess the safety and efficacy of 
the ARTO transcatheter mitral valve repair system, showed that the 
device was a safe therapeutic option for patients15. One-year fol-
low-up data showed that patients implanted with the ARTO system 
had significant echocardiographic and functional improvements.

Imaging parameters such as EROA ≥20 mm2, left ventricular 
end-diastolic diameter (LVEDD) >65 mm, regurgitant volume 
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Figure 1. Kaplan-Meier time-to-event curves for the primary safety outcome (A), heart failure hospitalisation (B) and all-cause death (C). 
The primary safety outcome was defined as death, stroke, myocardial infarction, cardiac effusion/tamponade, device-related cardiac surgery, 
renal failure.
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>30 ml and others have been associated with worse outcomes in 
FMR patients2,16. Patients with data available at all time points 
showed 35% and 37% improvements in EROA and regurgitant vol-
umes, respectively, at one year. A reduction in FMR has a positive 
correlation with reverse remodelling and improved survival17,18. 
Importantly, MAVERIC imaging assessments revealed significant 
improvements in cardiac volumes (decrease ≥13% in LVESVi/
LVEDVi and decrease ≥20% in atrial volumes), suggestive of 

early reverse LV remodelling. LVESV reductions >10% have been 
shown to result in significant decreases in mortality and hospi-
talisations in advanced HF patients19. Functional improvements 
were also evident with NYHA class that improved significantly at 
30 days and remained significant at one year. Furthermore, at one 
month there were significant improvements in 6MWT and EQ-5D 
visual analogue health status scores. This is particularly meaning-
ful when considering that the positive 6MWT outcome reported 

Table 4. Selected functional parameters over time. To enable paired comparisons, we restricted analysis to patients with data at all 
three visits.

Characteristics N
n (%), mean (SD) or median (IQR) p-value

Baseline 1 month 1 year
Baseline  

vs 1 month
Baseline  
vs 1 year

1 year vs  
1 month

MR grade 0 36 0 (0.0%) 4 (11.1%) 3 (8.3%)

<0.0001 <0.0001 0.2975

1 36 0 (0.0%) 15 (41.7%) 20 (55.6%)

2 36 12 (33.3%) 12 (33.3%) 10 (27.8%)

3 36 12 (33.3%) 5 (13.9%) 3 (8.3%)

4 36 12 (33.3%) 0 (0.0%) 0 (0.0%)

AP annulus diameter, mm 35 41.4 (4.3) 36.0 (4.7) 35.3 (5.2) <0.0001 <0.0001 0.4121

Regurgitant volume* 26 44.8 (15.3) 23.2 (12.0) 25.6 (10.8) <0.0001 <0.0001 0.2984

Effective orifice area, mm2 16 26.9 (10.4) 13.9 (6.0) 17.6 (7.1) 0.0001 0.0034 0.0506

Vena contracta#, mm 28 6.0 (5.0-8.0) 4.0 (1.8-5.0) 3.5 (3.0-5.0) <0.0001 0.0001 0.6376

LVESVi, ml/m2 35 65.7 (25.1) 62.5 (22.1) 57.1 (22.0) 0.1369 0.0102 0.0137

LVESV, ml 35 125.8 (51.4) 119.3 (44.5) 110.4 (47.7) 0.1122 0.0206 0.0482

LVEDVi, ml/m² 35 107.9 (27.1) 101.1 (23.2) 92.9 (27.5) 0.0086 0.0013 0.0203

LVEDV, ml 35 206.3 (61.0) 192.1 (50.4) 179.0 (63.0) 0.0043 0.0024 0.0564

LAVi, ml/m2 32 62.1 (21.9) 50.9 (17.7) 48.9 (20.3) 0.0001 0.0004 0.4122

Left atrium volume, ml 32 118.3 (47.3) 96.4 (36.6) 93.2 (42.9) 0.0001 0.0003 0.4591

LVEDD, mm 35 63.9 (8.0) 62.4 (8.1) 62.0 (8.9) 0.0563 0.0718 0.6125

LVESD, mm 33 55.2 (8.5) 53.5 (9.1) 52.0 (9.3) 0.1327 0.0052 0.1184

LVEF, % 35 39.8 (9.1) 40.0 (10.2) 40.5 (9.7) 0.7997 0.5946 0.6947

Tenting area, cm2 33 2.4 (0.9) 1.8 (0.6) 1.4 (0.7) 0.0010 <0.0001 0.0033

Tenting height, mm 33 9.2 (3.0) 7.9 (2.1) 6.7 (1.8) 0.0267 <0.0001 0.0066

Tricuspid 
regurgitation

0 35 1 (2.9%) 3 (8.6%) 7 (20.0%)

0.0954 0.0008 0.0110

1 35 13 (37.1%) 19 (54.3%) 20 (57.1%)

2 35 19 (54.3%) 9 (25.7%) 6 (17.1%)

3 35 1 (2.9%) 3 (8.6%) 2 (5.7%)

4 35 1 (2.9%) 1 (2.9%) 0 (0.0%)

NYHA Class I 36 0 (0.0%) 5 (13.9%) 8 (22.2%)

<0.0001 <0.0001 0.1533
II 36 11 (30.6%) 22 (61.1%) 20 (55.6%)

III 36 22 (61.1%) 9 (25.0%) 8 (22.2%)

IV 36 3 (8.3%) 0 (0.0%) 0 (0.0%)

EQ-5D visual analogue health 
status score (0-100)

26 52.5  
(50.0-70.0)

75.0  
(60.0-75.0)

67.5  
(60.0-75.0) 0.0002 0.0116 0.6228

EQ5D-5L quality of life scale 21 0.75  
(0.71-0.86)

0.86  
(0.75-0.89)

0.80  
(0.70-0.88) 0.0699 0.3094 0.5716

6-minute walk test distance 
(metres)

33 325.0  
(240-411)

390.0  
(225-432)

363  
(220-450) 0.0286 0.2014 0.3256

*Regurgitant volume was measured by the PISA method. Where no PISA measurement was available, we imputed estimated regurgitant volume by PISA 
using the measurement with the volume. # Where vena contracta was less than the lower limit of detection of 3 mm, we imputed 1.5 mm. 
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in the COAPT trial was achieved mainly by deterioration in the 
control arm9. A technical success rate of 100% indicates a safe 
procedure and a device success rate of 71.4% is noteworthy for 
a first-generation device, suggesting that the therapy is compar-
able to other established percutaneous mitral repair therapies20,21.

The ARTO system has several beneficial features: (1) a short 
procedure performed entirely at the atrial level decreasing 
ventricular arrhythmias and preserving haemodynamic stabil-
ity; (2) preprocedural computed tomography (CT) coupled with 
a coronary angiogram that helps to determine the anatomy of the 
coronary sinus and circumflex coronary artery, avoiding coro-
nary artery compression; (3) flexibility to adjust/remove the 
device prior to lock-and-release of the system as required, and 
(4) individually tailored decrease in AP diameter with immedi-
ate MR reduction.

There is a relatively small learning curve for the procedure that 
led to minor procedural and device modifications. For example, 
pericardial effusion was reduced by the replacement of the angled 
wire with a J-tipped wire11. Dislocation of the GCV T-Bar into 
the left atrium (LA) detected early in the trial in two asympto-
matic patients was either corrected surgically or left untouched, at 
the investigator’s discretion. An atraumatic tip separation noted at 
follow-up imaging required no intervention since the patient was 
asymptomatic and MR reduction of 4+ to 1+ was maintained.

The current landscape of transcatheter repair devices for FMR con-
sists of leaflet approaches such as the MitraClip, and indirect/direct 
annuloplasty approaches. The clinical experience with the MitraClip 
procedure and FMR has been well reported and has been shown to 
demonstrate acute MR reduction, improved functional class and low 
rehospitalisation, but with ~20% FMR >2+ recurrence at 12 months 
in patients with challenging anatomies22. The latest data from the 
STS/TVT registry of FMR patients reported 31.2% one-year mor-
tality, 32.6% HF rehospitalisation and death or HF hospitalisation of 
49%23. The MITRA-FR trial using the MitraClip device for severe 
secondary MR failed to show any significant difference between 
patients who underwent percutaneous mitral valve repair in addi-
tion to receiving medical therapy and those who received medical 
therapy alone24. This was attributed mainly to significant underly-
ing cardiomyopathy, incomplete correction of MR and the severity 
of the disease in the trial population. Conversely, the COAPT trial 
demonstrated a lower rate of hospitalisation, lower mortality, better 
prognosis and better functional capacity in subjects who received 
the device in addition to guideline-directed medical therapy com-
pared to those receiving only guideline-directed medical therapy9. 
This further emphasises the need for novel technologies, espe-
cially for those patients who are ineligible for a MitraClip device. 
The recent one-year outcomes of a cohort of sixty patients using 
the Cardioband system (Edwards Lifesciences, Irvine, CA, USA) 

4+

3+

3+

2+

1+

0-TR

3+

2+

1+

0-TR

2+

100

80

60

40

20

0
 Baseline 1 M 12 M

P
er

ce
nt

ag
e

MR grade
(N=36)

0

–10

–20

–30
 Pre 1 M 12 M

Mean= 44.8 mL 23.2 mL 25.6 mL

C
ha

ng
e 

fr
om

 b
as

el
in

e

0

–5

–10

–15

–20
 Pre 1 M 12 M

 26.9 mm2 13.9 mm2 17.6 mm2

C
ha

ng
e 

fr
om

 b
as

el
in

e

Regurgitant volume*
N=26

Effective orifice area by PISA
N=16

0

–5

–10

–15

–20
 Pre 1 M 12 M

 62.1 mL /m2 50.9 mL /m2 48.9 mL /m2

C
ha

ng
e 

fr
om

 b
as

el
in

e
0

–1

–2

–3

–4
 Pre 1 M 12 M

 63.9 mm 62.4 mm 62.0 mm

C
ha

ng
e 

fr
om

 b
as

el
in

e

Left atrial volume indexed
N=32

Left ventricular end-diastolic diameter
N=35

0

–5

–10

–15

–20

–25
 Pre 1 M 12 M

Mean= 107.9 mL /m2 101.1 mL /m2 92.9 mL /m2

C
ha

ng
e 

fr
om

 b
as

el
in

e

LVEDVi
N=35

A B C

D E F

Mean change from baseline 95% CI

Figure 2. Selected change in echocardiographic parameters between baseline visit and 30-day or one-year visits. MR grade (A) at baseline, 
one month (1 M) and 12 months (12 M). Echocardiographic parameters: regurgitant volume (B), effective orifice area by PISA (C), LV 
end-diastolic volume (LVEDVi) (D), left atrial volume indexed (E) and LV end-diastolic diameter (F). P-values are from paired comparisons 
between time points. *Regurgitant volume was measured by the PISA method. Where no PISA measurement was available, regurgitant volume 
was estimated by using the measurement with the volume method.



1112

EuroIntervention 2
0

2
1
;16

:110
6

-1113

indicated an 87% one-year survival with 66% having freedom from 
HF and 78% freedom from a secondary intervention24. The out-
comes from the randomised REDUCE FMR trial using the Carillon 
Mitral Contour System® (Cardiac Dimensions Inc., Kirkland, WA, 
USA) show one-year mortality of 14%, and HF hospitalisations of 
11% with 9% having device removal for coronary artery compro-
mise25. Although transcatheter mitral valve replacement is being 
refined in early clinical trials, further investigations are necessary 
to establish the role of transcatheter repair versus replacement, since 
the FMR cohort is at increased risk of morbidity and mortality by 
virtue of underlying LV dysfunction and comorbidities.

Limitations
A small sample size with no control group is always a limita-
tion in studies such as MAVERIC investigating new technologies. 
The inclusion criteria required subjects to be ineligible for sur-
gery, implying that patients were at higher risk of mortality, mor-
bidity and worse outcomes. That said, no mortality in this study 
was associated with the ARTO system or procedure. Although 
MR grade improved significantly and was assessed by the core 
lab for all patients, individual parameters were not available for 
all patients – a well-recognised challenge in evaluating FMR 
patients25. The first eleven patients in the study were not evaluated 
by EQ-5D at baseline (protocol amended), hampering our ability 
to show significant improvements in this parameter.

Conclusions
This study shows that the ARTO system has some outstanding fea-
tures and results, as demonstrated by short procedure times, 100% 
technical success as per MVARC criteria, small contrast volumes, 
86% survival rates at one year, improved MR grades and a 12% hos-
pitalisation rate. NYHA class improved significantly at 30 days and 
one year. In summary, these data demonstrate that the ARTO system 
is safe and effective in reducing MR significantly and improving 
functional status in patients with symptomatic FMR up to one year.

Impact on daily practice
Mitral valve surgery is a proven therapeutic option for FMR; 
however, operative risks remain high in patients with comor-
bidities. The ARTO transcatheter mitral valve repair system 
is a less invasive method for FMR treatment that appears to 
be safe and effective, especially in patients ineligible for other 
CE-marked devices.

Funding
MVRx, Inc., San Mateo, CA, USA.

Conflict of interest statement
A. Erglis has received research grants from MVRx, Inc. S. Redwood 
is a proctor for MVRx, Inc. D. Hildick-Smith is a consultant to 
MVRx, Inc. All other authors have reported no relationships rele-
vant to the contents of this paper.

References
1. Asgar AW, Mack MJ, Stone GW. Secondary mitral regurgitation in heart 
failure: pathophysiology, prognosis, and therapeutic considerations. J Am Coll 
Cardiol. 2015;65:1231-48.

2. Grigioni F, Enriquez-Sarano M, Zehr KJ, Bailey KR, Tajik AJ. Ischemic 
mitral regurgitation: long-term outcome and prognostic implications with 
quantitative Doppler assessment. Circulation. 2001;103:1759-64.

3. Rossi A, Dini FL, Faggiano P, Agricola E, Cicoira M, Frattini S, Simioniuc A, 
Gullace M, Ghio S, Enriquez-Sarano M, Temporelli PL. Independent prognos-
tic value of functional mitral regurgitation in patients with heart failure. 
A quantitative analysis of 1256 patients with ischaemic and non-ischaemic 
dilated cardiomyopathy. Heart. 2011;97:1675-80.

4. Trichon BH, Felker GM, Shaw LK, Cabell CH, O’Connor CM. Relation of 
frequency and severity of mitral regurgitation to survival among patients with 
left ventricular systolic dysfunction and heart failure. Am J Cardiol. 2003;91: 
538-43.

5. Daubert C, Gold MR, Abraham WT, Ghio S, Hassager C, Goode G, Szili-
Torok T, Linde C; REVERSE Study Group. Prevention of disease progression 
by cardiac resynchronization therapy in patients with asymptomatic or mildly 
symptomatic left ventricular dysfunction: insights from the European cohort of 
the REVERSE (Resynchronization Reverses Remodeling in Systolic Left 
Ventricular Dysfunction) trial. J Am Coll Cardiol. 2009;54:1837-46.

6. Enriquez-Sarano M, Avierinos JF, Messika-Zeitoun D, Detaint D, Capps M, 
Nkomo V, Scott C, Schaff HV, Tajik AJ. Quantitative determinants of the out-
come of asymptomatic mitral regurgitation. N Engl J Med. 2005;352:875-83.

7. Chan KM, Punjabi PP, Flather M, Wage R, Symmonds K, Roussin I, 
Rahman-Haley S, Pennell DJ, Kilner PJ, Dreyfus GD, Pepper JR; RIME 
Investigators. Coronary artery bypass surgery with or without mitral valve 
annuloplasty in moderate functional ischemic mitral regurgitation: final results 
of the Randomized Ischemic Mitral Evaluation (RIME) trial. Circulation. 
2012;126:2502-10.

8. Fattouch K, Guccione F, Sampognaro R, Panzarella G, Corrado E, Navarra E, 
Calvaruso D, Ruvolo G. POINT: Efficacy of adding mitral valve restrictive 
annuloplasty to coronary artery bypass grafting in patients with moderate 
ischemic mitral valve regurgitation: a randomized trial. J Thorac Cardiovasc 
Surg. 2009;138:278-85.

9. Stone GW, Lindenfeld J, Abraham WT, Kar S, Lim DS, Mishell JM, 
Whisenant B, Grayburn PA, Rinaldi M, Kapadia SR, Rajagopal V, Sarembock IJ, 
Brieke A, Marx SO, Cohen DJ, Weissman NJ, Mack MJ; COAPT Investigators. 
Transcatheter Mitral-Valve Repair in Patients with Heart Failure. N Engl J 
Med. 2018;379:2307-18.

10. Erglis A, Narbute I, Poupineau M, Hovasse T, Kamzola G, Zvaigzne L, 
Erglis M, Erglis K, Greene S, Rogers JH. Treatment of Secondary Mitral 
Regurgitation in Chronic Heart Failure. J Am Coll Cardiol. 2017;70:2834-5.

11. Rogers JH, Thomas M, Morice MC, Narbute I, Zabunova M, Hovasse T, 
Poupineau M, Rudzitis A, Kamzola G, Zvaigzne L, Greene S, Erglis A. 
Treatment of Heart Failure With Associated Functional Mitral Regurgitation 
Using the ARTO System: Initial Results of the First-in-Human MAVERIC 
Trial (Mitral Valve Repair Clinical Trial). JACC Cardiovasc Interv. 2015;8: 
1095-104.

12. Zoghbi WA, Enriquez-Sarano M, Foster E, Grayburn PA, Kraft CD, 
Levine RA, Nihoyannopoulos P, Otto CM, Quinones MA, Rakowski H, 
Stewart WJ, Waggoner A, Weissman NJ; American Society of Echocardiography. 
Recommendations for evaluation of the severity of native valvular regurgi-
tation with two-dimensional and Doppler echocardiography. J Am Soc 
Echocardiogr. 2003;16:777-802.

13. Kappetein AP, Head SJ, Généreux P, Piazza N, van Mieghem NM, 
Blackstone EH, Brott TG, Cohen DJ, Cutlip DE, van Es GA, Hahn RT, 
Kirtane AJ, Krucoff MW, Kodali S, Mack MJ, Mehran R, Rodés-Cabau J, 
Vranckx P, Webb JG, Windecker S, Serruys PW, Leon MB; Valve Academic 
Research Consortium-2. Updated standardized endpoint definitions for 



1113

EuroIntervention 2
0

2
1
;16

:110
6

-1113

MAVERIC trial

transcatheter aortic valve implantation: the Valve Academic Research 
Consortium-2 consensus document. J Thorac Cardiovasc Surg. 2013;145: 
6-23.

14. Devlin NJ, Shah KK, Feng Y, Mulhern B, van Hout B. Valuing health-
related quality of life: An EQ-5D-5L value set for England. Health Econ. 
2018;27:7-22.

15. Nkomo VT, Gardin JM, Skelton TN, Gottdiener JS, Scott CG, Enriquez-
Sarano M. Burden of valvular heart diseases: a population-based study. Lancet. 
2006;368:1005-11.

16. Braun J, van de Veire NR, Klautz RJ, Versteegh MI, Holman ER, 
Westenberg JJ, Boersma E, van der Wall EE, Bax JJ, Dion RA. Restrictive 
mitral annuloplasty cures ischemic mitral regurgitation and heart failure. Ann 
Thorac Surg. 2008;85:430-6.

17. van Bommel RJ, Marsan NA, Delgado V, Borleffs CJ, van Rijnsoever EP, 
Schalij MJ, Bax JJ. Cardiac resynchronization therapy as a therapeutic option 
in patients with moderate-severe functional mitral regurgitation and high oper-
ative risk. Circulation. 2011;124:912-9.

18. Liang YJ, Zhang Q, Fung JW, Chan JY, Yip GW, Lam YY, Yu CM. Impact 
of reduction in early- and late-systolic functional mitral regurgitation on 
reverse remodelling after cardiac resynchronization therapy. Eur Heart J. 
2010;31:2359-68.

19. Yu CM, Bleeker GB, Fung JW, Schalij MJ, Zhang Q, van der Wall EE, 
Chan YS, Kong SL, Bax JJ. Left ventricular reverse remodeling but not clinical 
improvement predicts long-term survival after cardiac resynchronization ther-
apy. Circulation. 2005;112:1580-6.

20. Messika-Zeitoun D, Nickenig G, Latib A, Kuck KH, Baldus S, Schueler R, 
La Canna G, Agricola E, Kreidel F, Huntgeburth M, Zuber M, Verta P, 
Grayburn P, Vahanian A, Maisano F. Transcatheter mitral valve repair for func-
tional mitral regurgitation using the Cardioband system: 1 year outcomes. Eur 
Heart J. 2019;40:466-72.

21. Witte KK, Lipiecki J, Siminiak T, Meredith IT, Malkin CJ, Goldberg SL, 
Stark MA, von Bardeleben RS, Cremer PC, Jaber WA, Celermajer DS, 
Kaye DM, Sievert H. The REDUCE FMR Trial: A Randomized Sham-
Controlled Study of Percutaneous Mitral Annuloplasty in Functional Mitral 
Regurgitation. JACC Heart Fail. 2019;7:945-55.

22. Puls M, Lubos E, Boekstegers P, von Bardeleben RS, Ouarrak T, Butter C, 
Zuern CS, Bekeredjian R, Sievert H, Nickenig G, Eggebrecht H, Senges J, 
Schillinger W. One-year outcomes and predictors of mortality after MitraClip 

therapy in contemporary clinical practice: results from the German trans-
catheter mitral valve interventions registry. Eur Heart J. 2016;37:703-12.

23. Sorajja P, Vemulapalli S, Feldman T, Mack M, Holmes DR Jr, Stebbins A, 
Kar S, Thourani V, Ailawadi G. Outcomes With Transcatheter Mitral Valve 
Repair in the United States: An STS/ACC TVT Registry Report. J Am Coll 
Cardiol. 2017;70:2315-27.

24. Obadia JF, Messika-Zeitoun D, Leurent G, Iung B, Bonnet G, Piriou N, 
Lefèvre T, Piot C, Rouleau F, Carrié D, Nejjari M, Ohlmann P, Leclercq F, Saint 
Etienne C, Teiger E, Leroux L, Karam N, Michel N, Gilard M, Donal E, 
Trochu JN, Cormier B, Armoiry X, Boutitie F, Maucort-Boulch D, Barnel C, 
Samson G, Guerin P, Vahanian A, Mewton N; MITRA-FR Investigators. 
Percutaneous Repair or Medical Treatment for Secondary Mitral Regurgitation. 
N Engl J Med. 2018;379:2297-306.

25. Asch FM, Grayburn PA, Siegel RJ, Kar S, Lim DS, Zaroff JG, Mishell JM, 
Whisenant B, Mack MJ, Lindenfeld J, Abraham WT, Stone GW, Weissman NJ; 
COAPT Investigators. Echocardiographic Outcomes After Transcatheter 
Leaflet Approximation in Patients With Secondary Mitral Regurgitation: The 
COAPT Trial. J Am Coll Cardiol. 2019;74:2969-79.

Supplementary data
Supplementary Appendix 1. Inclusion/exclusion criteria.
Supplementary Appendix 2. Methods – procedure and device de -
scrip tion.
Supplementary Figure 1. The transcatheter ARTO device.
Supplementary Figure 2. Flow chart of the number of patients 
contributing to specific statistical analyses.
Supplementary Figure 3. Changes in functional parameters and 
self-assessment.
Supplementary Table 1. Additional baseline patient characteristics.
Supplementary Table 2. Medication history.
Supplementary Table 3. Selected functional parameters over time 
using imputation with last observation carried forward.

The supplementary data are published online at: 
https://eurointervention.pcronline.com/ 
doi/10.4244/EIJ-D-20-00484
 

https://eurointervention.pcronline.com/doi/10.4244/EIJ-D-20-00484


 

Supplementary data 

Supplementary Appendix 1. Inclusion/exclusion criteria 
A local Heart Team consisting of a cardiologist, cardiac surgeon, and heart failure specialist 

evaluated all patients; only patients who were deemed unfit for surgery due to underlying 

comorbidities were included in the trial. Briefly, key inclusion criteria are as follows: FMR grade ≥2+ as 

determined by the core lab with New York Heart Association (NYHA) Class II-IV systolic heart failure of 

any aetiology; left ventricular ejection fraction (LVEF) >20%; left ventricular end-diastolic diameter 

(LVEDD) between >50 mm and ≤70 mm; and transseptal puncture was feasible. Key exclusion criteria in 

addition to standard exclusion criteria for catheterisation procedures included: structural abnormality of the 

mitral valve (e.g., flail, prolapse, or leaflet calcification); significant mitral annular calcification; prior 

mitral valve surgery or valvuloplasty or currently implanted prosthetic valve or ventricular assist device; 

history of rheumatic heart disease; atrial septal defect or PFO associated with clinical symptoms; atrial 

septal aneurysm; active infection, endocarditis, or intracardiac thrombus and severe tricuspid regurgitation. 

 

Supplementary Appendix 2. Methods - procedure and device description 
The ARTO system and procedure have been described in detail previously. Briefly, the procedure is 

performed in the cardiac catheterisation laboratory under general anaesthesia with fluoroscopic and 

transoesophageal echocardiographic (TEE) guidance. Two interventionists were involved in the procedure: 

one placed the magnetic catheter in the coronary sinus through the right internal jugular vein, and the other 

worked from the right femoral vein for both transseptal puncture and placement of the second magnetic 

catheter in the left atrium. Using these magnetically linked catheters and routine catheter exchanges, the 

GCV anchor (T-Bar) is placed and connected by an adjustable length suture to an atrial septal anchor 

(Supplementary Figure 1). The suture can then be tensioned to reshape and decrease the anteroposterior 

(AP) diameter of the mitral annulus, resulting in decreased FMR. 

 

Echocardiographic evaluations were performed on site for all patients; however, three of the 45 patients 

were judged by the echocardiographic core laboratory to have <2+ MR at baseline and thus were excluded 

from subsequent efficacy analyses. 
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Supplementary Figure 1. The transcatheter ARTO device.  
Device ex vivo (A), and device in situ (B) demonstrating decrease in the anteroposterior diameter of the 

mitral annulus. 
  



 

 
 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Supplementary Figure 2. Flow chart of the number of patients contributing to specific  
statistical analyses.  

45 Patients 
Met the study inclusion criteria 
and underwent ARTO 
procedure 

3 Patients had MR grade of 
1+ when measured at the 
core laboratory 

5 died 
1 mitral valve replacement 
and therefore withdrawn 
from study 
 

45 Patients  
Included in analysis of 
safety and procedural 
outcomes 

36 Patients with all data available 
are included in analysis of 
echocardiographic parameters 



 

 
 
 
 
Supplementary Figure 3. Changes in functional parameters and self-assessment.  
Functional parameters and self-assessment include (A) the New York Heart Association (NYHA) functional 
classification at baseline, 1 month (1 M) and 12 months (12 M), (B) 6-minute walk test, (C) EQ-5D visual 
analogue scale, and (D) EQ-5D quality-of-life score. 

 
  



 

Supplementary Table 1. Additional baseline patient characteristics. 
 
 

Comorbidities N (%) or median 
(interquartile range) 

Diabetes  9/45 (20.0) 
Chronic kidney disease (defined by eGFR <60 
mL/min/1.73 m2) 

23 (51.0) 

Hypertension  21/45 (46.7) 
Hypercholesterolaemia  19/43 (44.2) 
Chronic obstructive pulmonary disease (COPD)  9/45 (20.0) 
Cerebrovascular disease  3/45 (6.7) 
Pulmonary hypertension   
      Moderate (PA systolic 31-55 mmHg) 14/44 (31.8) 
      Severe (PA systolic >55 mmHg) 7/44 (15.9) 

 
Medication history 

Anticoagulant  14/45 (31.1) 
Antiplatelet  24/45 (53.3) 
Biophosphonate therapy   0/45 (0.0) 
Calcium channel blocker   4/45 (8.9) 
Statin  32/45 (71.1) 
Antiarrhythmic  11/45 (24.4) 
Insulin   6/45 (13.3) 
NSAID   0/45 (0.0) 
Oral steroid  1/45 (2.2) 
Thyroid   5/45 (11.1) 

 
 
 
 
 

Supplementary Table 2. Medication history. 
 
 30 days 

n (%) 
6 months 

n (%) 
1 year 
n (%) 

ACE inhibitor or ARB 35 (77.8%) 33 (78.6%) 30 (76.9%) 
Beta-blocker 39 (86.7%) 38 (90.5%) 35 (89.7%) 
Diuretic (including Spirix/Spir) 40 (91.1%) 40 (95.2%) 37 (94.9%) 



 

Supplementary Table 3. Selected functional parameters over time using imputation with last observation carried forward. 
 

Characteristics   N with data at 
baseline^ 

n (%), mean (SD) or median (IQR) p-value 

   Pre-procedure 1 month 1 year Pre-procedure vs 
1 month 

Pre-procedure 
vs 1 year 

1 year vs 1 
month 

MR grade 0 42 0 (0.0%) 4 (9.5%) 3 (7.1%) <0.0001 <0.0001 0.3156 
 1 42 0 (0.0%) 17 (40.5%) 22 (52.4%)    
 2 42 13 (31.0%) 15 (35.7%) 13 (31.0%)    
 3 42 14 (33.3%) 5 (11.9%) 3 (7.1%)    
 4 42 15 (35.7%) 1 (2.4%) 1 (2.4%)    
Tricuspid regurgitation 0 42 1 (2.4%) 3 (7.1%) 7 (16.7%) 0.0714 0.0013 0.0345 
 1 42 16 (38.1%) 22 (52.4%) 23 (54.8%)    
 2 42 21 (50.0%) 12 (28.6%) 8 (19.0%)    
 3 42 1 (2.4%) 3 (7.1%) 2 (4.8%)    
 4 42 3 (7.1%) 2 (4.8%) 2 (4.8%)    
LVEDD, mm  41 64.0 (8.3) 62.5 (8.2) 62.2 (8.9) 0.0334 0.0425 0.5857 
LVESVi, ml/m2  42 66.2 (23.9) 64.1 (21.9) 60.3 (23.0) 0.2824 0.0513 0.0512 
LVESV, ml  42 128.5 (50.2) 123.8 (46.4) 117.8 (50.8) 0.2131 0.0740 0.1311 
LVEDVi, ml/m2  42 108.7 (26.3) 102.9 (22.9) 97.2 (28.4) 0.0143 0.0047 0.0619 
LVEDV, ml  42 210.6 (60.9) 197.5 (52.0) 188.8 (65.6) 0.0051 0.0058 0.1456 
LVESD, mm  40 54.4 (8.5) 53.3 (8.9) 51.9 (9.1) 0.2365 0.0108 0.0768 
LVEF, %  42 39.7 (8.6) 39.4 (10.0) 39.8 (9.6) 0.6936 0.9797 0.7027 
Vena contracta, mm+  41 6.0 (5.0 to 8.0) 4.0 (2.0 to 5.0) 3.5 (2.0 to 5.0) <0.0001 <0.0001 0.7082 
Regurgitant volume by 
PISA, ml 

 32 42.7 (15.6) 23.3 (12.9) 25.9 (11.2) <0.0001 <0.0001 0.2356 

Regurgitant volume, ml*  40 42.9 (15.3) 23.2 (12.8) 25.6 (11.6) <0.0001 <0.0001 0.2598 
Left atrium volume, ml  41 120.5 (45.5) 100.5 (38.5) 98.8 (43.3) <0.0001 0.0001 0.6272 
Left atrium volume indexed, 
mL/m2 

 41 62.4 (21.2) 52.4 (18.4) 51.3 (20.6) <0.0001 0.0003 0.5704 

AP annulus diameter  42 41.1 (5.1) 36.3 (4.8) 35.8 (5.5) <0.0001 <0.0001 0.4824 
Tenting area, cm2  41 2.4 (0.9) 1.9 (0.7) 1.6 (0.8) 0.0023 <0.0001 0.0115 
Tenting height, mm  41 9.2 (2.7) 8.3 (2.2) 7.4 (2.2) 0.0505 0.0003 0.0160 
6-minute walk test distance, 
metres 

 42 297.0 (160.0 to 408.0) 335.0 (165.0 to 420.0) 300.0 (182.0 to 440.0) 0.0573 0.3141 0.6078 

NYHA Class I 42 0 (0.0%) 6 (14.3%) 9 (21.4%) <0.0001 <0.0001 0.1882 
 II 42 11 (26.2%) 24 (57.1%) 22 (52.4%)    
 III 42 28 (66.7%) 12 (28.6%) 11 (26.2%)    
 IV 42 3 (7.1%) 0 (0.0%) 0 (0.0%)    
EQ5D-5L quality-of-life 
scale 

 31 
0.75 (0.66 to 0.82) 0.81 (0.67 to 0.88) 0.78 (0.58 to 0.87) 0.0906 0.382 0.5131 

Health status, %  31 50.0 (50.0 to 70.0) 70.0 (50.0 to 75.0) 65.0 (40.0 to 75.0) 0.0017 0.1493 0.2187 



 

^ Those with data at baseline had data at all times when last observation carried forward is used.  
+ Where vena contracta was less than the lower limit of detection of 3 mm, we imputed 1.5 mm.  
* Regurgitant volume was measured by the PISA method. Where no PISA measurement was available, we imputed estimated regurgitant volume by PISA using the 
measurement with the volume method.  
 


