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Aims In patients with heart failure, alterations in electrical fields generated within the myocardium have been associated
with myocardial oedema which can act as a substrate for left ventricular dysfunction. Safety and efficacy of a direct
microcurrent therapy using an implanted generator (C-MIC) remain uncertain.
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Methods and
results

Ambulatory patients with non-ischaemic dilated cardiomyopathy with left ventricular ejection fraction (LVEF) of 25%
to 35% and New York Heart Association (NYHA) class III–IV were randomized to C-MIC (device) or control group in
addition to guideline-directed medical therapy. The primary endpoint was change in LVEF at 6 months. Pre-specified
secondary endpoints included 6-min walk distance (6MWD), Kansas City Cardiomyopathy Questionnaire overall
summary score (KCCQ-OSS), and NYHA functional class. Of 70 patients randomized, 65 were included in modified
intention-to-treat analysis (C-MIC device: n= 32; control: n= 33). At 6 months, treatment with C-MIC versus control
improved LVEF (mean difference: 5.1%; 95% confidence interval [CI] 3.1–7.1%, p< 0.001). The proportions of
patients with improvement in at least one NYHA class (risk difference: 68.9%; 95% CI 50.6–87.2, p < 0.001), an
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increase of ≥5 points in KCCQ-OSS (risk difference: 60.0%; 95% CI 42.3–77.6, p< 0.001), and an increase of ≥30%
in 6MWD (risk difference: 38.3%; 95% CI 14.4–62.2) were substantially higher in the device versus control group
(p < 0.002).
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Conclusions In patients with non-ischaemic chronic heart failure with reduced ejection fraction, the C-MIC device compared with
control improved LVEF, symptoms, functional capacity and quality of life.
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Graphical Abstract

Efficacy and Safety of C-MIC Device in Patients with Heart Failure with Reduced Ejection Fraction. 6MWD, 6-min walk distance; CI, confidence
interval; KCCQ-OSS, Kansas City Cardiomyopathy Questionnaire overall summary score; LVEF, left ventricular ejection fraction; NYHA, New York
Heart Association.
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Introduction
Chronic heart failure is associated with high morbidity and mor-
tality rates.1,2 Guideline-directed medical therapy for patients with
heart failure with reduced ejection fraction improves clinical out-
comes with many patients achieving clinically significant recovery
of myocardial function.3 However, often patients with heart failure
with reduced ejection fraction do not achieve myocardial function
recovery and continue to have high residual risk with worsening
symptoms.4 ..
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.. Recent advancements have led to the development of vari-
ous device-based therapies that could potentially improve clini-
cal outcomes and quality of life for patients with heart failure
with reduced ejection fraction.5–8 One such novel device is the
C-MIC device, which delivers a non-stimulatory direct electrical
current (DC; in the μA range; hence microcurrent) directly to
the myocardium through a surgical implant.9–11 The microcurrent
technology applied by the C-MIC device has been demonstrated
to enhance tissue healing based on a premise that maintaining the
physiological endogenous steady potential gradient within cells is
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essential for proper organ function.11–14 In chronic heart failure, a
disruption in cardiac lymphatic drainage and alteration in electrical
fields has been associated with myocardial oedema which can act
as a substrate for left ventricular dysfunction.15,16

The initial feasibility of the C-MIC device was assessed in
a single-arm, pilot study.11 After 6 months, 10 patients with
heart failure on maximally tolerated medical therapy who had the
C-MIC device implanted had a mean increase of 8% (absolute)
in left ventricular ejection fraction (LVEF).11 These patients also
experienced increases in 6-min walk distance (6MWD) and quality
of life. In a subsequent 2-year follow-up study of seven out of these
10 patients after C-MIC deactivation, sustained improvements in
LVEF, 6MWD, and quality of life were observed, with only one
patient requiring reactivation of the C-MIC device.17 Herein, we
report the results of the first randomized controlled trial to
assess the safety and efficacy of the C-MIC device in patients with
refractory ambulatory non-ischaemic heart failure with a reduced
ejection fraction.

Methods
Trial design and oversight
C-MIC II is a multicentre randomized open-label clinical trial aimed
at comparing the safety and efficacy of treating heart failure patients
using the C-MIC system in addition to medical therapy versus medical
therapy alone. The trial is registered as ClinicalTrials.gov Identifier:
NCT04662034. The trial protocol was designed by the principal
investigators and the financial sponsor. The trial was conducted in
accordance with the principles of the Declaration of Helsinki and
the Good Clinical Practice Guidelines of the International Council
for Harmonization. The protocol was approved by institutional review
boards or ethics committees at each participating location. All patients
provided written informed consent. An independent data and safety
monitoring committee evaluated patient safety during the trial. The
steering committee and principal investigators oversaw all aspects
of the trial’s execution (online supplementary Appendix S1: Section
A). The principal investigators had unrestricted access to the data,
prepared all drafts of the manuscript, and attest to the completeness
and accuracy of the data and analyses. The manuscript was reviewed
and edited by all co-authors. Financial support for the trial was provided
by Berlin Heals.

Patients, randomization, and follow-up
Eligibility criteria included ambulatory patients with non-ischaemic
dilated cardiomyopathy who had a LVEF between 25% and 35% and
were New York Heart Association (NYHA) class III to IV despite
optimal medical therapy. Patients were considered ineligible for the
study if they had a known ischaemic disease aetiology of heart failure.
Patients with heart failure related to structural abnormalities such as
congenital or valvular disease, those who received inotropic support
within 30 days prior to enrolment, or patients deemed unsuitable for
the C-MIC system due to anatomical reasons were excluded. The
complete list of inclusion and exclusion criteria is shown in online
supplementary Appendix S1: Section B.

Patients were randomly assigned in a 1:1 ratio to either C-MIC sys-
tem (device group) or not (control group) in addition to medical ther-
apy. The randomization was carried out using a block randomization ..
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.. method, and was stratified according to site. The C-MIC system and
the implantation procedure have been described previously (see online
supplementary Appendix S1: Section C). Following randomization, clin-
ical visits were scheduled at 4 weeks, and 2, 3, 4 and 6 months for both
the device and control groups (online supplementary Table S1). Patients
in the device group also had a clinical visit at the time of C-MIC system
implantation and a follow-up visit within 2 weeks after the implantation.
An independent blinded echocardiographic core laboratory conducted
serial echocardiographic assessments at baseline, 4 weeks, 4 months,
and 6 months post-randomization.

Trial outcomes
The primary endpoint was the difference in the change of LVEF
between the device and control groups after 6 months, as assessed
by the echocardiographic core laboratory. In addition to LVEF, changes
in left ventricular size were evaluated by measuring the end-systolic
and end-diastolic diameters. The three pre-specified efficacy-related
key secondary endpoints included the proportion of patients with at
least a one class improvement in NYHA functional class from base-
line to 6 months, the proportion of patients with an increase of at
least five points in Kansas City Cardiomyopathy Questionnaire over-
all summary score (KCCQ-OSS), and the proportion of patients with
at least a 30% improvement in 6MWD. The 6MWD and NYHA class
assessments were conducted by individuals who were not blinded
to group assignment. The eight pre-specified safety-related secondary
endpoints included all-cause and cardiovascular mortality, as well as
device-related deaths, hospitalizations for any reason, for cardiovascu-
lar reasons, or device-related hospitalizations, as well as the incidence
and severity of adverse events and device malfunctions.

Additional outcome assessments related to exercise capacity end-
points, including changes in absolute peak oxygen consumption (VO2),
in body weight-adjusted peak VO2, and the VO2 at the anaerobic
threshold from baseline to 6 months, as measured by cardiopulmonary
exercise testing (CPET), were performed. A comparison of the change
in N-terminal pro-B-type natriuretic peptide (NT-proBNP) from base-
line to 6 months between the device and control groups was also
conducted.

Statistical analysis
The sample size calculation followed a group sequential design using
a two-sample t-test to assess differences in mean LVEF between the
two groups. Assuming an expected mean LVEF change of 10±10%
in the device group and 4± 10% in the control group, with an alpha
level of 0.05 and statistical power exceeding 80%, 46 patients were
assigned to each group across two stages (interim and final analyses).
Critical values for the group sequential test were determined using an
O’Brien–Fleming type design. The mixed model repeated measures
(MMRM) approach employed in our analyses is more powerful than a
comparison of means using a two-sample t-test; therefore the power
calculation is conservative. A pilot study had demonstrated that mean
LVEF changes were detectable as early as 14 days post-implantation
and sustained through 6 months.11 Based on these findings, the interim
analysis was scheduled for when 46 patients had completed their
4-month assessment.

The primary endpoint was analysed using the MMRM approach,
incorporating baseline LVEF as a covariate as well as treatment, time,
treatment-by-time interaction and the randomization stratification
variables, specifically site, as factors. To assess whether the treatment

© 2025 The Author(s). European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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effect varied across different patient subgroups, a predefined subgroup
analysis was conducted. Interaction testing was performed by including
interaction terms in the MMRM model to evaluate whether treatment
effects differed significantly across subgroups.

The primary efficacy and secondary analyses were performed on
the modified intention-to-treat (mITT) population, which included
all patients from the ITT group who had available at least one
post-baseline measurement of the primary endpoint. For the device
group, this required successful implantation of a functional system,
while for the control group, it required completion of the baseline visit.
Per-protocol (PP) analysis included all mITT patients who adhered to
the study protocol and completed the study.

The Mantel–Haenszel test, stratified by site, was used to com-
pare proportions between groups, with treatment group differences
expressed as risk differences with 95% confidence intervals (CI).
The MMRM approach was applied for continuous data comparisons
between treatment groups. Continuous variables are presented as
mean ± standard deviation or median with interquartile range (IQR).
All reported p-values are two-sided. Secondary endpoints will only be
tested, if the primary hypothesis could be rejected. As no hierarchy
for assessing secondary endpoints was pre-specified, all 11 secondary
endpoints were considered with Bonferroni adjustment. Statistical sig-
nificance for the 11 secondary endpoints was considered present if p
< 0.00455. All other analyses were considered exploratory. Statistical
analyses were conducted using SAS software, version 9.4 (SAS Institute
Inc., Cary, NC, USA).

Results
Patients
Between January 2021 and May 2024, 70 patients were random-
ized across nine sites (35 in the device arm and 35 in the control
arm). The C-MIC system was successfully implanted in 32 patients;
three patients assigned to the device group withdrew from the trial
before any implantation attempt. Additionally, two patients from
the control group withdrew after randomization. Subsequently,
65 patients were included in the mITT analysis, as only in these
patients at least one assessment of the primary endpoint was avail-
able after baseline (online supplementary Figure S1). All patients
completed the 6-month clinical visit except for one patient in the
control group who was lost to follow-up.

The baseline characteristics of patients in the two groups were
similar (Table 1). The mean age of all patients was 60 ± 10 years,
and 71% were men. The mean baseline LVEF was 30.1 ± 3.6% for
the device group and 29.5 ± 3.0% for the control group. All patients
were NYHA class III, except for one patient in the device group.

Primary endpoint
On 12 October 2023, the sponsor was informed by the inde-
pendent data monitoring committee that criteria for overwhelm-
ing efficacy had been met and stopping the study was recom-
mended. The data monitoring committee had analysed data of 48
patients with at least 4-month follow-up. At that time (October
2023), 60 patients had already been randomized. However, enrol-
ment of participants was not stopped immediately in order to
conclude co-medication analyses (to ensure a balanced number ..
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Table 1 Baseline characteristics

Characteristics Device group
(n= 32)

Control group
(n= 33)

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Age (years) 58.0 ± 9.5 61.9 ± 9.6
Women, n (%) 9 (28) 10 (30)
Body mass index (kg/m2) 28.5 ± 4.5 29.7 ± 3.3
Body surface area (m2) 2.1 ± 0.2 2.1 ± 0.2
Type 2 diabetes mellitus, n (%) 4 (13) 7 (21)
Hypertension, n (%) 24 (75) 22 (67)
Lung disease, n (%) 3 (9) 8 (24)
Kidney disease, n (%) 3 (9) 0 (0)
GI disease, n (%) 1 (3) 4 (12)
NYHA class III, n (%) 31 (97) 33 (100)
NYHA class IV, n (%) 1 (3) 0 (0)
KCCQ overall score, n (%) 45 ± 20 40 ± 25
Family history of HF, n (%) 13 (41) 11 (33)
SGLT2 inhibitors, n (%) 12 (38) 14 (42)
Beta-blockers, n (%) 31 (97) 32 (97)
RAAS inhibition, n (%) 31 (97) 33 (100)
Aldosterone antagonists, n (%) 31 (97) 33 (100)
Diuretics, n (%) 32 (100) 33 (100)
Duration since initial HF diagnosis
(years)

2.7 ±1.5 2.8 ±1.4

QRS duration (ms) 109 ±19 116 ± 27
AF/atrial flutter, n (%) 12 (38) 11 (33)
AV block, n (%) 3 (9) 4 (12)
LVEF (%) 30.1 ± 3.6 29.5 ± 3.0
LVEDD (mm) 61.1 ± 6.2 62.3 ± 6.0
LVESD (mm) 52.5 ± 6.5 54.2 ± 6.6
ICD, n (%) 2 (6) 2 (6)
eGFR (ml/min/1.73 m2) 78 ± 26 78 ± 22
6MWD (m) 304 ± 63 279 ± 59
CPET, n (%) 32 (100) 29 (88)

Peak VO2 (ml/kg/min) 16 ± 5 15.5 ± 4
Exercise time (min) 8 ± 3 8 ± 3

Blood pressure (mmHg)
Systolic 122 ±11 121 ±13
Diastolic 79 ± 9 77 ± 8

NT-proBNP (pg/ml) 1153 ±1376
Median (IQR):
684 (268–1386)

1233 ±1062
Median (IQR):
1048 (404–1626)

Haemoglobin (g/L) 141 ±16 149 ±13

Data are expressed as mean± standard deviation, unless otherwise indicated.
There were no significant between-group differences in the characteristics at baseline.
6MWD, 6-min walk distance; AF, atrial fibrillation; AV, atrioventricular; CPET, cardiopulmonary
exercise test; eGFR, estimated glomerular filtration rate; GI, gastrointestinal; HF, heart failure;
ICD, implantable cardioverter-defibrillator; KCCQ, Kansas City Cardiomyopathy Question-
naire; LVEDD, left ventricular end-diastolic diameter; LVEF, left ventricular ejection fraction;
LVESD, left ventricular end-systolic diameter; NT-proBNP, N-terminal pro-B-type natriuretic
peptide; NYHA, New York Heart Association; RAAS, renin–angiotensin–aldosterone system;
SGLT2, sodium–glucose co-transporter 2; VO2, oxygen consumption.

of participants using optimal heart failure medications in both
groups) as well as to arrange for regulatory discussions, which took
place on 22 May 2024. Subsequent to this meeting, all sites were
informed that enrolment had ended on 6 June 2024. At that time,
a total of 94 patients had been enrolled, of whom 70 had been
randomized in the trial (online supplementary Figure S1).

Figure 1A shows the mean LVEF with standard error at each
follow-up visit for both the device and control groups, highlighting
the temporal pattern of LVEF. The mean change from baseline
in LVEF at 6 months was 6.6% (95% CI 5.2–8.0) in the device
group and 1.5% (95% CI 0.08–2.9) in the control group (Table 2).
The estimated treatment difference was 5.1% (95% CI 3.1–7.1,
p < 0.001) (Graphical Abstract). Sub-group analyses of the primary

© 2025 The Author(s). European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Figure 1 Continued

© 2025 The Author(s). European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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6 J.E. Rame et al.

Figure 1 Mean and standard errors of (A) left ventricular ejection fraction (LVEF), (B) 6-min walk distance (6MWD), (C) Kansas City
Cardiomyopathy Questionnaire overall summary score (KCCQ-OSS) at baseline and to various follow-up intervals, and (D) New York Heart
Association (NYHA) class at baseline and 6 months (modified intention-to-treat population).

© 2025 The Author(s). European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Cardio-microcurrent device treatment for HFrEF 7

Table 2 Primary and secondary efficacy and safety endpoints (modified intention-to-treat population)

End point Device group
(n= 32)

Control group
(n= 33)

Difference
(95% CI)

p-value

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Primary endpoint
Change in LVEF from baseline to 6 months 6.6 ± 0.7 1.5 ± 0.7 5.1 (3.1, 7.1) <0.001

Key (efficacy-related) secondary endpoints
Percentage of patients with improvement in NYHA
class by more than one class at 6 monthsa

26 (81.3) 4 (12.5) 68.9% (50.6%, 87.2%) <0.001

Percentage of patients with change in KCCQ-OSS by
≥5 points at 6 months

31 (96.9) 16 (50.0) 60.0% (42.3%, 77.6%) <0.001

Percentage of patients with increase in 6MWT by at
least 30% at 6 months

20 (64.5) 9 (29.0) 38.3% (14.4%, 62.2%) 0.0017

Safety-related secondary endpoints
All-cause death 0 (0.0) 0 (0.0) –
Cardiac-related death 0 (0.0) 0 (0.0) –
Device-related death 0 (0.0) N/A –
All-cause hospitalizations 5 (15.6) 1 (3.0) 12.2% (−1.7%, 26.1%) 0.085
Cardiac-related hospitalizations 2 (6.3) 0 (0.0) 6.4% (−2.1%, 14.9%) 0.140
Device-related hospitalizations 0 (0.0) N/A –
Number of patients with serious adverse eventsb 5 (15.6) 1 (3.0) 12.6% (−1.3%, 26.5%) 0.079
Rate and number of device malfunctions associated
with clinical events

0 (0) N/A –

Data are expressed as least-squares mean ± standard error, or n (%). Efficacy analyses were conducted in the modified intention-to-treat population which included all
randomized patients who had at least one post-baseline measurement of the primary endpoint. For the device group, this required successful implantation of a functional
system, while for the control group, it required completion of the baseline visit. Comparison between groups was performed using the Cochran–Mantel–Haenszel stratified
by study sites.
6MWT, 6-min walk test; CI, confidence interval; KCCQ-OSS, Kansas City Cardiomyopathy Questionnaire overall summary score; LVEF, left ventricular ejection fraction; N/A,
not available; NYHA, New York Heart Association.
aThe proportion estimate for the control group is based on 32 patients, as one patient dropped out after the 3-month visit.
bIn the device group, serious adverse events included hemothorax in two patients, worsening renal function in one patient, pericardial effusion in one patient, a single episode
of hypotension in one patient, and a single episode of ventricular arrhythmia in one patient. In the control group, one patient experienced a leg fracture.

endpoint at 6 months showed no heterogeneity of treatment effect
in any of the subgroups (Figure 2).

Of note, at 6 months, the mean change from baseline in left
ventricular end-diastolic diameter was −1.1 mm (95% CI −2.9 to
+0.8) in the device group and −1.2 mm (95% CI −3.1 to +0.7) in
the control group (p>0.4 between groups). The mean change in
left ventricular end-systolic diameter was −2.9 mm (95% CI −5.0
to −0.9) in the device group and −1.7 mm (95% CI −4.7 to +1.1)
in the control group (all p>0.4 between groups).

Secondary endpoints
Figure 1B presents 6MWD with standard error at each follow-up
visit for both the device and control groups, illustrating functional
improvement over time. The mean change in 6MWD at 6 months
was 165 ±18 m in the device group and 20 ±18 m in the
control group (Table 3). The estimated treatment difference was
144.7 m (95% CI 93.8–195.5, p < 0.001) (Graphical Abstract). The
proportion of patients achieving a 30% increase in 6MWD was
higher in the device group compared to the control group, with a
risk difference of 38.3% (95% CI 14.4–62.2, p= 0.0017) (Table 2).
Similarly, the risk difference for patients achieving at least a 30-m
increase in 6MWD was 39.3% (95% CI 13.1–65.5, p= 0.0033). ..
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. Figure 1C depicts the mean KCCQ-OSS with standard error at
each follow-up visit for both the device and control groups, illus-
trating the trajectory of patient-reported health status improve-
ment over time. The mean change in KCCQ-OSS at 6 months was
46.4 ± 3.3 in the device group compared to 5.7 ± 3.1 in the control
group, resulting in a difference of 40.7 points (95% CI 31.9–49.5,
p < 0.001) (Graphical Abstract). The risk differences in the propor-
tion of patients achieving an increase of more than 5, 10, and 15
points from baseline to 6 months were 60.0% (95% CI 42.3–77.6,
p < 0.001), 57.2% (95% CI 38.1–76.2, p < 0.001), and 61.2% (95%
CI 42.0–80.4, p < 0.001), respectively (Table 3).

More patients in the device group (n= 26; 81%) improved by
at least one NYHA class from baseline, compared to the control
group (n= 4; 12%) (risk difference: 68.9%, 95% CI 50.6–87.2,
p< 0.001). At 6 months, 81.2% of patients in the device group
were in NYHA class I/II, compared to only 12.5% in the control
group (p< 0.001) (Figure 1D).

Cardiopulmonary exercise testing results reported in Table 3
show a trend toward a greater increase in peak VO2 in the device
group compared to the control group, with a mean difference
of +2.03 ml/kg/min (95% CI −0.06 to 4.12; p= 0.056) (online
supplementary Figure S2). While this difference did not reach
statistical significance, the directional change was consistent with
other functional outcomes. In contrast, there was no observed

© 2025 The Author(s). European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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8 J.E. Rame et al.

Figure 2 Sub-group analysis of the primary endpoint based on the modified intention-to-treat (mITT) analysis. 6MWT, 6-min walk test; CI,
confidence interval; C-MIC, cardio-microcurrent device; IVSD, interventricular septal end-diastole; KCCQ-OSS, Kansas City Cardiomyopathy
Questionnaire overall summary score; LS, least squares; LVEF, left ventricular ejection fraction; Nt-proBNP, N-terminal pro-B-type natriuretic
peptide.

difference between groups in the change in VO2 at the anaerobic
threshold. Approximately 30% of VO2 at the anaerobic threshold
data were missing in both groups, which may have limited the
power to detect a meaningful difference.

The comparison of changes in NT-proBNP between the device
and control groups is presented in Figure 3. Distinct tempo-
ral trends were observed; in the device group, NT-proBNP lev-
els initially rose within the first 4 weeks post-implantation, then
steadily declined over the 6-month follow-up. In contrast, the
control group exhibited a modest decrease around 2 months
post-enrolment, with levels remaining relatively stable thereafter
(Table 4).

Blood pressure was adequately controlled in both the device
and control groups throughout the study period. Systolic and dias-
tolic blood pressure values remained stable over time in both arms
(online supplementary Figure S3). A mixed model for repeated mea-
sures analysis confirmed that there were no significant differences
in the changes in either systolic or diastolic blood pressure from
baseline to 6 months between the two groups. ..
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The C-MIC system was successfully implanted in all patients, with
a mean skin-to-skin procedure time of 2.4 ± 0.9 h. According to
the surgical notes, the epicardial patch was implanted outside the
pericardial space in 30 patients and within the pericardial sac in
2 patients. The median hospital length of stay was 5 days (IQR
5–7). There was no mortality reported. A total of 28 adverse
events were reported (6 events in the control group and 22 in
the device group). Serious adverse events (SAEs) were seen in six
patients (five in the device group vs. one in the control group).
SAEs included hemothorax in two patients, pleural effusion in
the left hemithorax in another, and a leg fracture in the control
group. The rate of all hospitalizations was higher in the device
group with a risk difference of 12.2% (95% CI −1.7% to 26.1%).
Among all hospitalizations, only two were cardiac related. A
detailed list of adverse events is shown in online supplementary
Tables S2 and S3. Non-SAEs were reported in 11 patients in the
device group, including wound infection, COVID-19, knee pain, and
dizziness. In the control group, non-SAEs were reported in five

© 2025 The Author(s). European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Cardio-microcurrent device treatment for HFrEF 9

Table 3 Further endpoints (modified intention-to-treat population)a

Device group
(n= 32)

Control group
(n= 33)

Risk difference
(95% CI)

p-value

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Further clinical assessments
Change in NYHA class from baseline to 6 monthsc 1.15 ± 0.11 0.003 ± 0.11 1.14 (0.82 to 1.47) <0.001

Change in 6MWD from baseline to 6 monthsc (m) 165.0 ±18.1 20.3 ±18.0 144.7 (93.8 to 195.6) <0.001

Percentage of patients with 6MWD increase by ≥30 m from
baseline to 6 monthsb

27 (87.1) 17 (54.8) 39.3% (13.1%, 65.5%) 0.0033

Change in KCCQ-OSS from baseline to 6 monthsc 46.4 ± 3.3 5.7 ± 3.1 40.7 (31.9 to 49.5) <0.001

Percentage of patients with change in KCCQ-OSS by ≥10
points at 6 monthsb

29 (90.6) 13 (40.6) 57.2% (38.1%, 76.2%) <0.001

Percentage of patients with change in KCCQ-OSS by ≥15
points at 6 monthsb

28 (87.5) 9 (28.1) 61.2% (42.0%, 80.4%) <0.001

Exercise testing results
Change in peak VO2 from baseline to 6 monthsc (ml/min) 114.5 ± 63.1 −17.9 ± 66.2 132.4 (−49.8 to 314.5) 0.150
Change in body weight-adjusted peak VO2 from baseline to
6 monthsc (ml/kg/min)

1.8 ± 0.7 −0.26 ± 0.76 2.03 (−0.06 to 4.12) 0.056

Change in VO2 AT from baseline to 6 monthsc (ml/min) −4.2 ± 90.9 −4.2 ± 96.6 −0.05 (−269.8 to 269.7) 0.99
Change in body weight-adjusted VO2 AT from baseline to
6 monthsc (ml/kg/min)

0.16 ± 0.96 −0.30 ±1.02 0.46 (−2.39 to 3.30) 0.71

Change in exercise duration from baseline to 6 monthsc (min) 1.56 ± 0.60 0.51 ± 0.63 1.05 (−0.69 to 2.79) 0.23

6MWD, 6-min walk distance; AT, anaerobic threshold; CI, confidence interval; KCCQ-OSS, Kansas City Cardiomyopathy Questionnaire overall summary score; NYHA, New
York Heart Association; VO2, oxygen consumption.
aEfficacy analyses were conducted in the modified intention-to-treat population which included all randomized patients who had at least one post-baseline measurement of
the primary endpoint. For the device group, this required successful implantation of a functional system, while for the control group, it required completion of the baseline
visit.
bComparison between groups was performed using the Cochran–Mantel–Haenszel stratified by study sites. The proportion estimate for the control group is based on 32
patients, as one patient dropped out after the 3-month visit.
cComparison between groups was based on the mixed effect of multiple measurements method. Peak VO2 data were available for 31 of 32 patients in the device group and
28 of 33 in the control group. VO2 AT was available for 25 of 32 patients in the device group and 21 of 33 in the control group.

Figure 3 Change in N-terminal pro-B-type natriuretic peptide (NT-proBNP) from baseline to 6 months (log scale). Note that a difference on
the log scale translates to a ratio on the original scale. For example, a log-scale difference of −0.0784 between the device and control groups
at 6 months corresponds to a 7.5% reduction in NT-proBNP on the original scale.

© 2025 The Author(s). European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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10 J.E. Rame et al.

Table 4 Safety data (per protocol population)a

Device group (n= 30) Control group (n= 29) Risk difference (95% CI) p-value
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

All-cause death, n (%) 0 (0) 0 (0.0)
All hospitalization, n (%) 4 (13.3) 0 (0.0) 13.3% (1.2%, 25.5%) 0.041

Cardiac-related hospitalization, n (%) 1 (3.3) 0 (0.0) 3.3% (−3.1%, 9.8%) 0.32
Device-related hospitalization, n (%) 0 (0) N/A
Surgery-related hospitalization, n (%) 3 (10) N/A
Serious adverse events, n (%) 4 (13.3)b 0 (0.0) 13.3% (1.2%, 25.5%) 0.041

CI, confidence interval; N/A, not available.
aSafety analyses were conducted in the per protocol population which included all patients included in the mITT and who adhered to the study protocol without major
violations and completed the study. Comparison between groups was performed using the Cochran–Mantel–Haenszel stratified by study sites.
bHemothorax in two patients, worsening of renal function in one patient, pericardial effusion in one patient, and one episode of hypotension in one patient.

patients and included fatigue, shortness of breath, and respiratory
infection (online supplementary Table S3). Statistical testing for
all safety outcomes of the mITT population showed p> 0.05 for
all assessments. While device-related deficiencies were reported,
none were linked to clinical adverse events or interruptions in
therapy delivery (online supplementary Table S4).

Discussion
In this first randomized trial of cardiac microcurrent device therapy
for chronic heart failure, we found that the C-MIC device com-
pared with the control group provided improvement in LVEF at 6
months. Improvement was also observed in 6MWD, KCCQ-OSS
and NYHA functional class at 6 months in the device group com-
pared with the control group. The device was overall well toler-
ated and was considered safe within this study with no mortal-
ity reported. These findings are important as the C-MIC device
could provide an important treatment option for patients with
non-ischaemic chronic heart failure with reduced ejection fraction
who do not achieve myocardial function recovery and continue
to have worsening symptoms despite maximally tolerated medical
therapy.

In a prior pilot study, C-MIC had demonstrated an increase in
LVEF as early as 2 weeks after implantation, which was sustained
up to 6 months.11 Myocardial recovery is a clinically important,
patient centred outcome in patients with chronic dilated cardiomy-
opathy.18 Long-term outcomes of patients who have demonstrated
some degree of restoration of cardiac function, transitioning to
heart failure with recovered ejection fraction are significantly bet-
ter.19,20 Given that the improvement in LVEF was not associated
with significant changes in left ventricular dimensions in our study,
we consider this to be suggestive of improved left ventricular con-
tractility during the 6-month treatment period. Along with the
observation of early improvement in LVEF (within 4 weeks) the
absence during this period of left ventricular reverse remodelling,
which is often observed in months, suggests a novel yet to be deter-
mined mechanism of microcurrent delivery to the myocardium.
Whether longer-term therapy would result in reverse remodelling,
remains to be studied. The results from this study prompt further
investigation not only into the mechanisms which subtend the early ..
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.. and sustained changes in myocardial function, but also into the

application of microcurrent device therapy to a broader popula-
tion of patients with heart failure, including with ischaemic disease
aetiology and those with devices.

While the enrolled patients demonstrated key indicators of
advanced heart failure—including NYHA class III symptoms, LVEF
<35%, elevated NT-proBNP levels, and reduced 6MWD—the lim-
ited use of implantable cardioverter-defibrillators (ICD) in this
cohort reflects the specific clinical profile of the study popula-
tion. All participants had non-ischaemic dilated cardiomyopathy,
for which the European Society of Cardiology guidelines provide a
Class IIa recommendation for ICD implantation, as opposed to the
stronger Class I recommendation in ischaemic heart failure. More-
over, most patients had narrow QRS durations, limiting eligibility
for cardiac resynchronization therapy (CRT)-based device thera-
pies. Consequently, only two patients in each arm had received
an ICD. The observed preservation of kidney function and rela-
tively low event rates likely stem from careful patient selection,
early-stage disease in a subset of participants, and the structured
follow-up inherent to a clinical trial setting. This is also consis-
tent with the known lower prevalence of chronic kidney disease
in non-ischaemic versus ischaemic heart failure populations.

Patients with heart failure often have poor quality of life and func-
tional status despite medical therapy.21,22 This trial showed that the
C-MIC device leads to improvement in 6MWD and KCCQ-OSS
on top of medical therapy. Improvement in NYHA functional class
was also observed at 6 months in the device group. The observed
improvements in symptoms, functional capacity, and health status
with the C-MIC device are larger compared with other existing
heart failure devices or medical therapy.23–25 An observed improve-
ment in KCCQ-OSS approaching 90 in some patients may reflect,
at least in part, a substantial placebo effect, which is commonly
seen in heart failure trials involving device-based interventions.
However, this marked improvement in health status may also be
attributable to the immediate and sustained enhancement in LVEF
following C-MIC therapy. The observed concordance between
objective improvements in cardiac function and patient-reported
outcomes suggests that the clinical benefit may extend beyond
placebo response alone. Considering that improving quality of life
and functional status in patients with heart failure is the top most
priority for many physicians and patients alike,26 C-MIC may be an

© 2025 The Author(s). European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Cardio-microcurrent device treatment for HFrEF 11

important future therapeutic option for a subset of patients with
heart failure.

Both the device and control groups were well balanced at
baseline and received optimal guideline-directed medical therapy
as detailed in Table 1. Changes in heart failure medication during
the 6-month study period were minimal and comparable between
groups. While the overall use of sodium–glucose co-transporter
2 inhibitors was relatively low (∼40%), this reflects the slower
adoption and limited availability of these agents in several East
European countries during the study period. Given the consistent
use of standard heart failure therapies across both groups and the
minimal changes observed over time, it is unlikely that differences
in pharmacologic treatment explain the observed differences in
clinical outcomes.

The observed changes in peak VO2 offer additional insight into
the functional impact of C-MIC therapy. Patients in the device group
demonstrated a trend toward a greater increase in peak VO2 from
baseline to 6 months compared to controls, with a borderline
p-value of 0.056. However, the absence of a centralized core
laboratory and the lack of a standardized CPET protocol across
sites may have introduced variability and limited the precision
of these measurements. Importantly, while CPET provides an
objective, quantitative assessment of maximal cardiorespiratory
fitness, it differs in scope from other functional endpoints such
as the 6-min walk test and the KCCQ, which reflect submaximal
effort and patient-reported quality of life. The combination of these
complementary measures may offer a more comprehensive view
of treatment response, capturing both physiological capacity and
real-world functional improvement.

While NT-proBNP is a well-established biomarker of heart fail-
ure severity and prognosis, its response to microcurrent therapy
has been inconsistent. In this study, despite clear and sustained
improvements in symptoms, functional capacity, and echocardio-
graphic parameters, NT-proBNP levels did not show significant
decline. One possible explanation is that myocardial wall stress
remained elevated during the 6-month observation period, which
aligns with the lack of significant left ventricular end-diastolic
diameter reduction observed in this study. This suggests that
microcurrent therapy may exert its benefits through mechanisms
not directly associated with reductions in wall stress—particularly
during the initial 6-month treatment phase, which NT-proBNP pri-
marily reflects. Potential pathways may include anti-inflammatory
effects, bioelectrical modulation, or cellular remodelling, which
are not adequately captured by traditional heart failure biomark-
ers. Additionally, variability among patients and assay limitations
may contribute to the observed inconsistency. Future studies
incorporating serial blood sampling and in vitro proteomic anal-
yses are planned to further elucidate the therapy’s mechanism
of action and to help identify more specific and responsive
biomarkers.

Microcurrent therapy has been successfully applied in var-
ious clinical settings, including wound healing, where it has
demonstrated benefits in promoting tissue repair, reducing inflam-
mation, and enhancing cellular regeneration.27,28 Building on
these principles, C-MIC therapy applies low-level direct microcur-
rents to myocardial tissue through an implantable device with ..
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.. the aim of promoting left ventricular recovery in chronic heart
failure. While the precise mechanisms remain under investiga-
tion, preclinical studies suggest several plausible pathways.12,28

Microcurrents may restore impaired bioelectric signaling, stabilize
cardiomyocyte membrane potentials, and improve myocardial
synchronization. Sustained effects may be driven by enhanced
ATP production, increased protein synthesis, and the upregulation
of angiogenic and reparative growth factors such as vascular
endothelial growth factor and insulin-like growth factor-1.29

These actions may reduce fibrosis, support capillary density,
and promote cardiomyocyte survival in diseased myocardium.
Additionally, microcurrent-induced electroosmosis may reduce
myocardial oedema by mobilizing interstitial fluid—an effect
previously linked to functional improvements in other tissues and
a potentially underappreciated contributor to systolic dysfunction
in dilated cardiomyopathy.28 Future trials incorporating advanced
imaging and biomarker endpoints will be critical to confirm these
mechanistic effects and refine patient selection strategies for
C-MIC therapy.

The surgical implant was well tolerated with most patients in
the device group discharged between 5 and 7 days of implantation.
Significant adverse events included hemothorax in two patients
while there was no perioperative mortality in the device group
and none of the patients required any temporary, mechanical cir-
culatory support pre-or post-device implantation. The nominally
higher incidence of SAEs in the device group compared to the
control group was primarily related to procedural complications
from the surgical placement of the epicardial patch via thoraco-
tomy. Events such as hemothorax (occurring twice), pericardial
effusion (occurring once), and transient hypotension (occurring
once) are recognized risks associated with this surgical approach.
These findings align with previously published data, including a
study by Haight et al.,30 which reported a 5% incidence of bleed-
ing complications following epicardial pacemaker implantation via
lateral thoracotomy. Notably, none of the adverse events in our
study resulted in lasting clinical harm or interfered with ther-
apy delivery, indicating that while the procedure carries known
risks, they are generally manageable with appropriate perioperative
support.

It is important to highlight that in the 6-month period of
follow-up for the pre-specified primary endpoint there were no
hospitalizations due to heart failure in the device and control
groups. This period of follow-up fell within the high prevalence
interval of the COVID-19 pandemic, which makes the results
difficult to interpret as the patients and their providers in both
groups may have identified alternate strategies to address heart
failure decompensation.

Although the C-MIC device is activated for only 6 months, the
decision to explant the epicardial patch should be carefully weighed
against the surgical risks associated with reoperation. In general, it
is recommended to leave the patch in place, as device abandonment
is considered a safe and common practice for inactive implantable
components. The long-term safety of leaving the C-MIC device in
situ will be further evaluated in the ongoing 2-year follow-up of the
C-MIC II study. The 6-month therapy duration was informed by
years of preclinical work—including cellular, small animal and large

© 2025 The Author(s). European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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12 J.E. Rame et al.

animal studies—that indicated sustained benefits from several
months of treatment. However, as pioneers in this form of therapy,
we have not yet conducted a detailed dose duration across multiple
timeframes. Our ability to explore longer duration has also been
limited by current battery capacity. In the C-MIC I follow-up
study, we included an option to reactivate therapy during the
2-year follow-up period following the initial 6-month treatment.
This reactivation occurred in only one patient, but it highlights
an important area for future investigation (Rame J.E., unpublished
data).

Limitations
A key limitation of this study is the potential for bias in out-
come assessment. Although the echocardiographic core lab was
blinded to treatment assignment, the C-MIC lead may have been
visible on some images, potentially revealing group allocation. Addi-
tionally, the assessments of 6MWD and NYHA class were con-
ducted by personnel who were not blinded, which may have
introduced observer bias. Furthermore, the notable improvements
observed in patient-reported KCCQ scores may, in part, reflect
a placebo effect, which is commonly seen in device-based tri-
als and could have influenced patients’ perception of symptom
improvement. These factors should be considered when inter-
preting the functional, echocardiographic, and quality-of-life out-
comes. Future trial designs will incorporate strategies to mitigate
these potential sources of bias and better account for placebo
effects.

Another important limitation of this study is the early termina-
tion of enrolment, which may introduce bias and potentially over-
estimate the treatment effect—an issue that has been documented
in trials stopped early for efficacy benefit. Although the protocol
and statistical analysis plan did not include provisions for stopping
the trial based on efficacy, an interim analysis was pre-specified
to assess outcomes in the control group and confirm that the
study remained adequately powered to meet its primary endpoint.
Upon review of the unblinded data, the independent data mon-
itoring committee observed a highly significant improvement in
the primary endpoint (p < 0.0001), along with favourable trends
across multiple secondary endpoints, and recommended stopping
the study in October 2023. Recognizing the deviation from the
original trial plan, the sponsor consulted the German Notified
Body. During this review period, enrolment continued—from 60
patients randomized at the time of the interim analysis to 70 by
trial closure. The Notified Body did not oppose the data moni-
toring committee recommendation, and enrolment was formally
stopped on 6 June 2024. While this decision was made with careful
ethical consideration and appropriate oversight, the early termi-
nation of the study may limit the generalizability of the findings
and increases the risk of bias, particularly in subjective secondary
endpoints.

An additional limitation is that patients with implanted cardiac
devices—such as ICDs, CRTs, pacemakers, and cardiac contrac-
tility modulation systems—were excluded from this study (with
the exception of ICDs with single-coil leads) due to the potential
for electrical interaction with the continuous direct microcurrent ..
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.. delivered by the C-MIC system. As a result, the findings may
not be generalizable to the broader heart failure population with
such devices, and further testing is needed to confirm safety and
compatibility.

The study population consisted of patients with a relatively short
history of heart failure (1–5 years), which may have contributed
to the favourable treatment response. Patients in earlier stages
of disease may retain greater myocardial adaptability, allowing for
more pronounced restorative effects. As such, these findings may
not fully extend to patients with longer standing or more advanced
heart failure, underscoring the need for further studies in broader
populations.

Additionally, the trial was not powered to determine if the
C-MIC device would reduce morbidity and mortality events. How-
ever, data from recent ambulatory registry cohorts have shown
improvements in LVEF in heart failure with reduced ejection frac-
tion patients are associated with better outcomes,31–34 which sup-
port the rationale for larger, event-driven studies in the future.32

Furthermore long-term data to confirm durability of the C-MIC
device are currently lacking. A 2-year follow-up study is currently
underway (NCT05189860).

Another limitation is the absence of core laboratory analysis for
CPET data which may have introduced variability in data acquisition
and interpretation across sites. Data on exercise capacity at the
anaerobic threshold were missing in approximately one-third of
patients, further limiting the robustness of conclusions drawn from
this parameter. Dedicated studies on CPET are better suited for
such outcomes than larger-scale clinical trial focusing on general
outcomes.

Finally, the trial was conducted exclusively at sites in Eastern
Europe. While this may raise questions about the broader appli-
cability of the findings, current evidence does not clearly demon-
strate significant differences in heart failure phenotypes or treat-
ment responses between Eastern and Western European popula-
tions. Nonetheless, we acknowledge that geographic, genetic, and
healthcare system-related factors may influence outcomes. Further
studies involving more diverse populations are therefore needed to
confirm the generalizability of these results.

Conclusion
In conclusion, in patients with non-ischaemic chronic heart fail-
ure with reduced ejection fraction, the C-MIC device compared
with control improved LVEF, NYHA functional class, self-reported
health status, and quality of life.

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