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Abstract

Aims Most devices for treating ambulatory Class Il and Ill heart failure are linked to electrical pulses. However, a steady
electric potential gradient is also necessary for appropriate myocardial performance and may be disturbed by structural heart
diseases. We investigated whether chronic application of electrical microcurrent to the heart is feasible and safe and improves
cardiac performance. The results of this study should provide guidance for the design of a two-arm, randomized, controlled
Phase Il trial.

Methods and results This single-arm, non-randomized pilot study involved 10 patients (9 men; mean age, 62 + 12 years) at
two sites with 6 month follow-up. All patients had New York Heart Association (NYHA) Class Il heart failure and non-ischaemic
dilated cardiomyopathy, with left ventricular ejection fraction (LVEF) <35%. A device was surgically placed to deliver a
constant microcurrent to the heart. The following tests were performed at baseline, at hospital discharge, and at six time
points during follow-up: determination of LVEF and left ventricular end-diastolic/end-systolic diameter by echocardiography;
the 6 min walk test; and assessment of NYHA classification and quality of life (36-ltem Short-Form Health Survey
questionnaire). Microcurrent application was feasible and safe; no device-related or treatment-related adverse events
occurred. During follow-up, rapid and significant signal of efficacy (P < 0.005) was present with improvements in LVEF, left
ventricular end-diastolic diameter, left ventricular end-systolic diameter, and distance walked. For eight patients, NYHA
classification improved from Class Il to Class | (for seven, as early as 14 days post-operatively); for one, to Class Il; and for
one, to Class Il/1ll. 36-ltem Short-Form Health Survey questionnaire scores also improved highly significantly.

Conclusions Chronic application of microcurrent to the heart is feasible and safe and leads to a rapid and lasting
improvement in heart function and a near normalization of heart size within days. The NYHA classification and quality of life
improve just as rapidly.
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Introduction must be considered.>* However, devices for cardiac

resynchronization therapy (CRT) or cardiac contractility
Therapy for heart failure is applied in a stepwise graduated modulation can be considered for only a minority of patients
manner.>? If, despite optimal pharmacological therapy, due to restrictions that have emerged in clinical studies (QRS
cardiac function continues to decline, treatment with devices complex duration) or the application’s inherent principle
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(triggered pulse delivery and therefore regular rhythm
dependent).? Mechanical cardiac support systems are con-
sidered in the event of disease progression towards the end
stage of the cardiomyopathic disease.”®

Patients who require CRT are moderately symptomatic
with reduced left ventricular (LV) ejection fraction and New
York Heart Association (NYHA) Class Il or lll heart failure.
Mortality rates among NYHA Class Il patients are as high as
26% during the 20 months after diagnosis or as high as 76%
within 8 years.>!® Indeed, an enormous therapeutic gap
exists for these patients presenting a target population with
an unmet medical need. On the one hand, they do not qualify
for the implantation of these electrical devices with a variable
treatment effect. On the other hand, due to the risks of
adverse events (AEs) with ventricular assist devices, these
patients’ heart failure symptoms are often not severe enough
to justify the surgical implantation of such a system.®**7%6

Here, we report the results of a Phase | dual-site
first-in-human study implanting a device that delivers a
permanent non-excitatory subthreshold microcurrent directly
to the heart, completely independent of electrocardiogram
status. The application of this intervention is based on the
premise that an electrical potential gradient plays a central
role in maintaining sufficient myocardial function. The study
enrolled ambulatory NYHA Class Il non-ischaemic patients
with a significantly reduced LVEF and 6 min walk under
250 m and was designed to provide information for a later
randomized controlled Phase Il trial.

Methods
Trial design and oversight

The study (Clinical Trials Register DRKS00015708) was per-
formed between May 2019 and April 2020. A total of 10 pa-
tients were enrolled in a single-arm, open-label study at two
sites in Europe. The study protocol was approved by the insti-
tutional ethics boards (Approval No. 1168/2018; 31/4) and by
the competent national authorities (Approval No. 515-05-
00067-18-1; 84/04). All patients provided written informed
consent.

Primary endpoints were feasibility and safety in terms of
incidence of AEs; secondary endpoints were all-cause
mortality, signs of efficacy as improvement of cardiac perfor-
mance demonstrated by LVEF, LV end-diastolic diameter
(LVEDd), and LV end-systolic diameter (LVEDs) as recorded
by quantitative echocardiography, the 6 min walk test,
NYHA classification, and health-related quality of life as
determined by the 36-ltem Short-Form Health Survey
(SF-36) questionnaire.

Main inclusion criteria were heart failure with reduced
ejection fraction caused by non-ischaemic dilated

cardiomyopathy (NYHA Class 1ll), LVEF of 35% or less despite
optimized medical management with maximum tolerated
dose not modified for longer than 30 days, and heart failure
of less than 5 years in duration.

Main exclusion criteria were previous cardiac surgical pro-
cedures and the presence of any other implantable electronic
device.

Each patient was surgically implanted with a cardiac
microcurrent device (C-MIC; Berlin Heals, Berlin, Germany)
capable of applying a permanent non-excitatory subthreshold
microcurrent directly to the heart via a coil electrode placed
in the right ventricular (RV) cavity and a patch electrode
placed intrapericardially on the epicardium of the left ventri-
cle. The therapy current was set to the same fixed value in all
patients. At the time of implantation, none of the patients
enrolled in the study had already been implanted with an-
other device such as CRT or implantable cardioverter defibril-
lator. The design of the device allows for simultaneous use
along with implantable cardioverter defibrillators, pace-
makers, or other devices when there is a reasonable medical
indication.

The 6 month follow-up period required examinations be-
fore discharge from the hospital, on Day 10 after implanta-
tion, and at 2 and 4 weeks and 2, 4, and 6 months after
implantation. At each visit, an interval medical history, includ-
ing NYHA classification and medications taken, was obtained.
A health-related quality-of-life questionnaire (SF-36), trans-
thoracic echocardiography, and a 6 min hall walk distance
were administered at each visit, as was an interrogation of
the implant via its wireless connection (Medical Implant
Communication Service Adapter) to check for correct therapy
current, battery lifetime, and further technical parameters to
ensure proper device function. The device was deactivated at
the end of the study.

Device description

The C-MIC device that supplies the microcurrent is compa-
rable with a regular pacemaker. The RV lead does not differ
from leads of internal defibrillators. The patch for the LV
epicardium is a thin, highly flexible flat electrode with a
conductive side (Figure ). The implantation procedure of
the patch leads is like that used in placing epicardial leads
for CRT device when access via the coronary sinus fails. The
device can be programmed with an external radio module
(Figure 2).

Implant procedure
With the patient in the supine position and under general

anaesthesia, a subcutaneous pocket for the implantable
device is created at a left subclavian position. After access
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Figure 1 Implantable device with its left ventricular patch and right ventricular coil leads.

Figure 2 Schematic of system configuration. IMD, implantable microcurrent device; LV, left ventricular; MICS, Medical Implant Communication
Service; PC, personal computer; RV, right ventricular; USB, universal serial bus.

Microcurrent

\

to the subclavian vein has been obtained, the RV lead is
placed transvenously into the RV under fluoroscopic guid-
ance. The soft anchored tip of the lead is fixed in the trabec-
ula of the RV apex. A left-sided incision 5 to 6 cm long is
created in the fourth intercostal space. A longitudinal incision
is made into the pericardium, and an LV patch lead is inserted
into the pericardial space, with its conductive surface facing
the epicardium of the LV free wall. The patch is then attached
to the pericardium and immobilized with four sutures, one at
each corner. The pericardial incision is closed with single su-
tures. After the lead is tunnelled to the subclavian pocket,
both the LV patch lead and the RV lead are connected to

the implantable device, which is then inserted into the pocket
and fixed into position. The wounds of both the pocket and
the chest incision are closed. The device is activated 24 h
after the implantation procedure.

Follow-up

The investigators recorded all AEs and serious AEs.
Adjudication of the AEs was carried out by an external data
monitoring committee.
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Two-dimensional echocardiography was performed at
baseline and at each follow-up visit to assess changes in LVEF,
LVEDd, and LVEDs. LVEF was calculated according to
Simpson’s rule.

Patients completed the 6 min walk test at each follow-up
visit according to a standardized procedure.'” Quality of life
was assessed with the SF-36 questionnaire.

Statistics

Data analysis was performed according to the intention-
to-treat principle. Primary statistical analyses were
performed with descriptive statistics. Statistical analyses of
longitudinal changes used paired-samples t-tests to compare
baseline values and follow-up values at 14 days and at
6 months after device implantation when the Shapiro—Wilk
test confirmed normal distribution of the samples. When
samples were not normally distributed or data are available
in an ordinal scale, the Wilcoxon signed-rank test was
applied. Statistical significance was set at the level of
P < 0.05. The mixed-model repeated measurement analysis
tested the measuring points to baseline by multiple
comparisons. All statistical analyses were performed with
the SAS statistical software package (SAS, Cary, USA, NC).

Results
Study population
The baseline demographic characteristics and optimized

heart failure medications of the 10 patients who underwent
microcurrent device implantation are presented in Table 1.

Table 1 Baseline demographic characteristics and anti-heart fail-
ure medication

Patients data (mean = SD) (N = 10)

53.3 = 11.4; range, 29-67
1(10), 9 (90)
10 (100)
95.3 = 15.3; range, 62-128
175.4 = 7.9; range, 166-190
30.9 + 4.1; range, 22.5-35.9
2.1 = 1.0; range, 1-4
1 (10)—paroxysmal

Variable

Age (years)

Women (%), men (%)
White race (%)

Body weight (kg)

Body height (cm)

Body mass index (kg/m?)
History of heart failure (years)
Atrial fibrillation—no.
patients (%)
Medication—no. of
patients (%)

Aldosterone antagonist 10 (100)
ACE inhibitor 7 (70)
ARNI 1(10)
Beta-blocker 10 (100)
Diuretic 8 (80)

Calcium channel blocker 1(10)

ACE, angiotensin-converting enzyme; ARNI, angiotensin receptor—
neprilysin inhibitor; SD, standard deviation.

Follow-up of patients in the trial averaged 6 months
(185 + 7 days; range, 170-196). Table 2 presents baseline
and follow-up clinical characteristics at 14 days and at
6 months after implantation. There was zero mortality in
the study population throughout the follow-up period. For
one patient, a misplaced patch lead (placement anterolater-
ally, predominantly over the right ventricle) was determined
by X-ray after surgery, which causes according to Ohm’s law
a low or at least an insufficient current flow through the LV
myocardium, because patch and RV leads over the RV wall
are in too close proximity.

Primary endpoint

The implantation procedure was uneventful in all patients.
Weaning from ventilator was possible for all patients immedi-
ately after the surgical procedure ended. There was no rele-
vant pericardial effusion in any of the patients. No device or
microcurrent treatment-related AEs occurred.

Because the applied current is extremely weak—similar in
strength to that of physiologically occurring currents in living
biological systems—AEs caused by the current were not
expected or observed. The patients did not feel the current
nor could they distinguish whether the current was off or
on. No arrhythmias or nerve stimulation events were
detected. On the contrary, in a patient with paroxysmal atrial
fibrillation at baseline, the atrial fibrillation disappeared in a
few weeks after microcurrent therapy.

Adverse events

The primary endpoint was met, with documented feasibility
and safety in all patients. In total, 17 AEs in nine patients
were recorded. Fifteen AEs were classified as mild: 13 of
these were only transient and disappeared until the second
post-operative day, and the remaining two AEs (left diaphrag-
matic elevation and gastro-oesophageal reflux) in the same
patient were not detectable at the 4 month visit. The patient
with a misplaced LV lead experienced two serious AEs:
worsening of heart failure and need for in-hospital drug
(levosimendan) support 50 and 97 days after device place-
ment. The transient mild AEs were atrial fibrillation (in one
patient, post-operatively only), sinus bradycardia, pain,
cough, skin bleeding at the wound site, mild atelectasis of
the lung, small intrapleural effusion, gout, subcutaneous
emphysema, and tingling in the fingers.

Secondary endpoint

The secondary endpoint showed significant signs of efficacy
across the cohort in all determined parameters such as LVEF,
LV end-diastolic/end-systolic diameter, 6 min walk test, NYHA
classification, and quality of life total scores.
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Table 2 Baseline and follow-up clinical characteristics
Baseline 14 days 6 months

Variable N =10 N =10 P value N =10 P value
Systolic blood pressure (mmHg) 117.4 £15.2 109.3 = 8.6 0.128 124.1 = 15.2 0.114
Diastolic blood pressure (mmHg) 733 6.8 67974 0.201 73597 0.956
QRS complex duration (ms) 98.9 += 14;r, 86-134 96.2 + 9.9 0.902 104.1 = 11.9; r, 96-134 0.078
LVEF (%) 31.8 +3.9;r, 26-35 39.8 + 6.9 0.001 41.9 + 9.0; r, 29-54 0.005
LVEDd (mm) 63.9 = 3.2; r, 60-68 56.4 = 3.3 <0.001 57.6 = 4.9; r, 53-68 0.005
LVEDs (mm) 50.9 = 7.0; r, 40-59 433 £ 5.1 0.007 44.4 + 7.0; r, 37-62 0.002
6 min walk distance (m) 210.3 = 38.5; r, 149-270 404.3 = 49.0 <0.001 418.5 + 47.4; 300-493 <0.001
NYHA class, no. of patients (%) 11, 10 (100) 1,7 (70) 0.004 1, 8 (80) 0.002

I/, 1 (10) I, 1(10)

I, 1 (10) 111, 1 (10)

I, 1(10)
SF-36 total score
PCS 41.0 £ 4.1 53.1 =34 <0.001 57.2 +29 <0.001
MCS 31.6 = 8.6 57.7 £ 4.8 <0.001 59.3 + 4.8 <0.001

LVEDd, left ventricular end-diastolic diameter; LVEDs, left ventricular end-systolic diameter; LVEF, left ventricular ejection fraction; MCS,
Mental Component Summary; NYHA, New York Heart Association; PCS, Physical Component Summary; r, range; SF-36, 36-ltem Short-

Form Health Survey questionnaire.
Values are presented as mean =+ SD.

Echocardiographic parameter

Left ventricular ejection fraction, LVEDd, and LVEDs were mea-
sured by two-dimensional echocardiogram at baseline and at
all follow-up visits (Figure 3A and 3B). Compared with baseline
values, all three variables showed a statistically significantly
improvement at all follow-up visits. Table 2 shows the numer-
ical values (with statistical significance) for all three variables
at baseline and at the 2 week and 6 month follow-up visits.

Exercise capacity—6 min walk test

Apart from the follow-up visit on Day 3, the 6 min walk test
was performed at all regular visits. Table 2 shows the average
baseline values and the average distances at 14 days and
6 months after implantation, with the statistical significance
of the differences. Compared with the measured baseline
distance, all differences in distances recorded during the
follow-up period are highly statistically significant (Figure 3C).

New York Heart Association classification

All patients were in NYHA Class Il heart failure at baseline. At
Month 6, eight patients were in NYHA Class |, one patient was
in Class Il, and one patient was in Class Il/lll heart failure
(Figure 3D). As compared with the baseline classification,
the improvements in NYHA classification at all visits were
highly significant. Table 2 shows the NYHA classification of
the patients’ heart failure (with the calculated P value) at
14 days and at 6 months after implantation.

Health-related quality-of-life questionnaire, 36-
Item Short-Form Health Survey

The results of the health-related quality-of-life questionnaire
SF-36 showed a highly significant improvement in the two
total scores—Physical and Mental Component Summary—at
all visits from baseline throughout the follow-up period.
Figure 3E and 3F depicts the course of the scores over the
study period. Table 2 presents the numeric values at baseline
and at 2 weeks and 6 months after device implantation.

Discussion

In this first-in-human pilot study, the application of a perma-
nent non-excitatory subthreshold electrical microcurrent
directly to the heart in moderately symptomatic patients
(NYHA 111) with reduced LVEF was feasible and safe and was
associated with clinically important signals of efficacy—such
as improvements in cardiac performance, NYHA classification,
and quality of life.

This application of microcurrent is based on the consider-
ation that an unaltered physiological endogenous steady
potential gradient (electrical field) within cells or organs is a
precondition for regeneration of a disturbed function, a con-
sideration that applies especially to electrically active organs,
such as the heart, when their function is compromised.*®22
The intensity of the microcurrent was specifically chosen to
induce an electric field at physiologically occurring strength
that was believed to compensate for the disturbed or missing
potential gradient. External microcurrent is being used more
and more frequently at various strengths and in various
forms for physical and regenerative therapy.”®> However,
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Figure 3 (A-F) Changes in the mean values of all examined variables between baseline and 6 month follow-up (end of study). Compared with baseline
values, all measured variables exhibited highly significant differences, except for values determined immediately before patient discharge. 6-MWD,
6 min walk distance; d, days; LVEDd, left ventricular end-diastolic diameter; LVEDs, left ventricular end-systolic diameter; LVEF, left ventricular ejection
fraction; m, months; MCS, Mental Component Summary; NYHA, New York Heart Association; PCS, Physical Component Summary; pre disch.,
pre-discharge; SF-36, 36-Item Short-Form Health Survey questionnaire; w, weeks.
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chronic long-term application of a non-pulsating direct
current for treating a significantly diseased internal organ
has not been previously reported.

After 14 days of microcurrent treatment, the average LVEF
of patients with NYHA Class Il heart failure improved by 8

percentage points, and the mean 6 min walking distance
increased by nearly 100%. In addition, within this short treat-
ment period, mean LVEDd decreased significantly (by more
than 7 mm). Highly significant improvement in NYHA class
and quality of life, as determined by the SF-36 questionnaire,
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also occurred rapidly after the initiation of therapy. The im-
provements in cardiac function over baseline were sustained
at 6 months after implantation. Furthermore, an improve-
ment in mitral valve regurgitation in nine out of nine exam-
ined patients could be determined (P = 0.016). In one
patient, mitral valve regurgitation was not examined. No
signs of efficacy were observed for the single patient with a
misplaced patch lead. We can hypothesize that this lack of
improvement was caused by insufficient flow of current
through the LV myocardium rather than by the microcurrent
and the observed deterioration corresponded to the natural
course of the heart failure.

Given the limitations of this current study (open-label, sin-
gle-arm, 10-patient, non-randomized), it cannot be excluded
the possibility of a bias, in particular as in this pilot study ob-
jective parameters for an improvement of cardiac perfor-
mance are missing. However, it is not impossible that
microcurrent may have had a beneficial effect on cardiac
function and in turn on exercise capacity, NYHA classification,
and quality of life of patients. 232424728 |n particular, the
rapid improvement is an observation that requires further
reflections.

Myocardial oedema

Supported by experimental evidence, biophysicists have long
proposed that developmental, regenerative, maintenance,
and signalling processes are controlled by intracellular and
extracellular endogenous electrical fields.?®?%2° Endogenous
electrical microcurrent is responsible for a large number of
effects. It can modulate inflammation by down-regulating
pro-inflammatory cytokines and regulating macrophage func-
tion and T-cell activation.30™33

The myocardial application of microcurrent as a compensa-
tory measure for a distorted endogenous potential gradient
cannot not be expected to result in reverse remodelling as a
primary mechanism of improved cardiac function within
2 week period demonstrated in this study.>*3® The develop-
ment of myocardial oedema significantly compromises heart
function even with only a minimal increase (of only a few per-
centage points) in interstitial fluid volume.3”"3° The filtration
rate for fluid moving out of the coronary microvasculature ex-
change vessels into the interstitium is described by the Star-
ling—Landis equation. Besides depending on hydrostatic and
plasma colloid osmotic pressure differences, this fluid filtra-
tion rate also depends on the myocardial microvascular per-
meability. The intraluminal glycocalyx layer of the fluid
exchange vessels is highly negatively charged. Maintaining
this negative charge is crucial for preventing the formation
of oedema. Changing the negativity or neutralizing the nega-
tive charge of the glycocalyx will modify the microvascular
permeability and, in turn, induce the formation of myocardial
oedema 384041

In physics, the term electro-osmosis is used to describe the
phenomenon of the movement of a liquid caused by an elec-
tric field parallel to surfaces, for example, capillaries.*? In bi-
ology, electroosmotic flow is a known transport mechanism
that may involve small channel structures of heterogeneous
tissue, such as gap junctions or capillaries, and can be found
in particular in areas of high electrical activity.**** One pre-
condition for electroosmotic flow is an electric field parallel
to the surface in which the flow should be induced.***>4¢
Therefore, the microvascular fluid balance depends on an in-
tact endogenous electric potential gradient. A disturbed en-
dogenous field leads, via a disturbance of the glycocalyx
and electro-osmosis, to a disturbance of the fluid balance
and to the formation of myocardial oedema.3¥4041

The rapid effect of microcurrent on cardiac performance
may be derived from the effects of electro-osmosis. In this
study, disturbed or absent endogenous electrical fields are
being replaced by an external microcurrent at physiological
strength. One of the characteristics of electro-osmosis is
that it generates measurable effects at the moment the
microcurrent is turned on. This characteristic could explain
why such a rapid effect occurs after the activation of the
microcurrent device.

Of course, as long as there are no conclusive animal exper-
imental data on this issue and with the current knowledge
about the effect of microcurrent, we cannot exclude other
mechanisms responsible for the observed findings than the
mentioned electro-osmosis.

Effects of chronic myocardial oedema have not been stud-
ied in depth nor is it exactly known to what extent myocardial
oedema contributes to the pathology of heart failure. Some
evidence suggests that excitation—contraction uncoupling in-
duced by myocardial oedema causes contractile dysfunction
and that myocardial oedema stimulates an exuberant colla-
gen synthesis in the interstitium and induces fibrosis.*”*®

Limitations

The lack of randomization and the small number of patients
with its possibility of a bias are clear limitations to draw final
conclusions from this pilot study data and must be addressed
in further studies. Future randomized studies will determine
if the observed beneficial effect is significant and sustained
in the patients who are maintained on evidence-based heart
failure therapies over the long term. In addition, it has to be
determined if this early response with improved indexes of
LV size and function at 2 weeks that is sustained at 6 months
can be durable and robust in the patients who are main-
tained on evidence-based heart failure therapies over the
long term.*® Finally, although the primary endpoints of the
study were feasibility and safety, the lack of an objective pa-
rameter such as N-terminal pro-brain natriuretic peptide to
confirm the improvement in cardiac performance is a
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shortcoming. N-terminal pro-brain natriuretic peptide should
be included in the study design of follow-up studies.

Conclusions

This study provides first signs of evidence that applying
microcurrent directly to the heart is feasible and safe and
can induce clinically significant improvements in moderately
symptomatic patients as a target population with unmet
medical needs. We found a signal of an early significant im-
provement in cardiac performance. The underlying mecha-
nism may be restoration of endogenous electric potential
gradients improving myocardial function. The rapidity with
which these improvements occur suggests that microcurrent,
mediated by electro-osmosis, could have a direct effect the
myocardial oedema that often accompanies heart failure.
The restoration of myocardial function within this short
period of time could have major implications for patients
with progressive heart failure who experience a vicious cycle
of congestive decompensation, neurohormonal activation,
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