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CHAPTER 4
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Clinical studies have shown that cardiac resynchro-
nization therapy (CRT) improves patient symp-
toms, quality of life, exercise tolerance and reduces
hospitalizations in patients with advanced heart
failure and prolonged electrical activation (i.e., in-
creased QRS duration) [1,2], The results ofa recent
study showed that patients with mechanical dyssyn-
chrony by tissue Dopplerimaging but a normal QRS
duration did not benefit from CRT [3]. Thus, QRS
duration remains paramount in patient selection
for CRT. [n view of the fact that greater than 70% of
patients with heart failure have a normal QRS dura-
tion [4], development of a device-based treatment
for such patients with persistent symptoms despite
optimal medical therapy would have an important
impact.

Cardiac contractility modulating (CCM) signals
are nonexcitatory signals applied during the ab-
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solute refractory period that have been shown to
enhance the strength of left ventricular (LV) con-
traction in studies carried out in animals and hu-
mans with heart failure. Since the signals impact
cell function without any impact on activation se-
quence, the effects are independent of QRS dura-
tion and additive to those of CRT in patients with
prolonged QRS. We review here the concept and
available basic and clinical results concerning the
evaluation of CCM as a treatment for heart failure.
Reviews of carly findings have appeared previously
[5,6].

CCM concept and underlying
mechanisms

One cellular defect that underlies myocardial con-
tractile dysfunction in heart failure is reduction in
the peak and broadening of the time course of
the intracellular calcium transient [7]. Such ab-
normalities reflect heart failure-associated changes
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in expression of genes encoding calcium han-
dling proteins and posttranslational modification
of their associated proteins. Several of the com-
monly discussed abnormalities include downregu-
lation of genes encoding for the sarcoplasmic retic-
ular ATPase-dependent calcium pump (SERCA2a)
[8-11], changes in expression and hypophospho-
rylation of phospholamban (PLB) [10-15], al-
tered regulation of the sodium-—calcium exchanger
[11,16,17], and hyperphosphorylation of the ryan-
odine release channel [18-20]. Accordingly, it has
been proposed that treatments aimed at improv-
ing the calcium transient in heart failure could be
therapeutic [21].

Early studies of isolated cardiac muscle showed
that use of voltage clamping techniques to mod-
ulate the amplitude and duration of membrane
depolarization could modulate calcium entry and
contractility in isolated papillary-muscles [22-25].
Increases in the duration and amplitude of depolar-
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ization have each been associated with increases in
the strength of cardiac muscle contraction, which
have been linked with increased calcium influx, in-
creased calcium loading of the sarcoplasmic retic-
ulum, and increased calcium release to the my-
ofilaments. However, because voltage clamping is
not applicable to the intact heart, this approach
was never considered as a treatment option for
heart failure. A conceptual breakthrough occurred
with recognition and experimental demonstration
in isolated superfused muscle strips that similar ef-
fects could be achieved when extracellular fields
with relatively high current densities are applied
over relatively long durations during the absolute
refractory period (Figure 4.1) [26,27]. These so-
called CCM signals contain ~100 times the amount
of energy delivered in standard pacemaker impulse.
These signals do not initiate the contraction; they
do not recruit additional contractile elements; and
there is no additional action potential (as would be
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Figure 4.1 (a) Cardiac contractility
modulating (CCM) signals employed in
clinical study are biphasic pulses delivered
after a defined delay from detection of
local electrical activation, (b} Effects of
CCM signals on iscmetric force measured
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from trabecular muscle of an end-stage
failing heart obtained at heart transplant
[27].
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observed with paired pacing or post-extra systolic
potentiation). CCM signals are thus referred to as
nonexcitatory.

Borrowing from the earlier literature on volt-
age clamping [22-25], several studies were under-
taken to investigate contributing mechanisms of
the effects of CCM signals in isolated superfused
muscles. Initial evidence suggested that CCM sig-
nals influence calcium entry, thus enhancing the
strength of the heartbeat [26-28). Whether this
mechanism is in effect during intermediate (hours)
or long-term (days and beyond) signal application
is still not known, largely because methods to mea-
sure calcium transients in intact animals are not

Nevertheless, the next series of experiments were
aimed at studies in large animal models, including
animal models of heart failure. In vivo field stim-
ulation of entire hearts of larger mammals is not
feasible because of practical considerations related
to power availability and nonspecific stimulation
of other tissues (e.g., nerves and skeletal muscles).
Studies were therefore undertaken to understand
the impact of regional CCM signal delivery on re-
gional contractile function and to test the degree to
which such signals could impact on global contrac-
tility (Figure 4.2) [29]. The results indeed showed
that CCM signals impact on myocardial function
in the region where they are applied (assessed by
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Figure 4.2 Effects of cardiac contractility modulating
(CCM) signals on global function assessed by
pressure-volume relations (first column) and on regional
function in the anterior wall {(second column) and
posterior wall {third column) assessed by pressure-segment
length loops when signals are applied to the anterior wall

SL (mm)

(first row), posterior wall (second row), and simultanecusly
to both walls (third row) [29]. Baseline shown in blue;
measurements during CCM signal application shown in
red. LV, left ventricular; SL, segment length. (Reproduced
with permission from the American Physiolagical

Society).
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Table 4.1 Comparison between Sham-operated untreated and CCM-treated heart failure
dogs for changes (A) between pre- and posttreatment (3-mo period) measurements.

Sham group CCM-treated group p value

AHeart rate (beats/min) 12+8 8+4 NS
Abystolic aortic pressure {mmHg) 6+t6 17 NS
ALV EDP (mmHaq) 1+2 -6+2 0.029
ALV EDV {mL}) 10 +1 -4 + 2 0.0001
ALV ESV (mL) 111 -7 +2 0.0001
ALV EF (% -4 £1 6+ 0.0001
AStroke volume (mL) -1+£05 3+04 0.0001

CCM, cardiac contractility modulating signals; EDP, end-diastolic pressure; EDV, end-diastolic
volume; EF, ejection fraction; ESV, end-systolic volume; LV, left ventricle; NS, nont significant.

effects are significant enough to exert an influence
on the strength of global contractility (as assessed
by global pressure-volume relationships), and that
the effects are additive when applied simultaneously
to different regions of the heart.

More important, these signals have been shown
to have a similar effect in animals with heart fail-
ure. In one series of experiments, heart failure was
induced by multiple sequential intracoronary mi-
croembolizations until ejection fraction (EF) was
=40% [30,31]. Hemodynamic parameters and my-
ocardial oxygen consumption were measured in an
open chest, anesthetized state, with epicardial elec-
trodes used to administer CCM signals. The results
showed that while heart rate and peak LV pressure
were not significantly influenced, acute CCM ther-
apy decreased LV end-diastolic pressure and end-
systolic volume. Consequently, LVEF and cardiac
output increased significantly. The improvement in
LV systolic function seen in this study was accon-
panied by unchanged total LV coronary blood flow
and unchanged myocardial oxygen consumption.

To further explore the mechanisms underlying
the chronic effects, dogs with heart failure induced
by repeated coronary microembolization were im-
planted with a device to deliver CCM signals. Fol-
lowing implantation, dogs were randomized either
to receive active CCM treatment for 5 h/day or for
the device to remain off; both groups were followed
for 3 months. At the end of the follow-up period,
CCM-treated dogs had a significantly lower LV end-
diastolic pressure, end-diastolic volume, and end-
systolic volume, and significantly higher LV EF and
stroke volume (Table 4,1). It should be emphasized

that these hemodynamic measurements were made
ata time when CCM signals were turned off, That
means that the noted improvements in hemody-
namic measurements reflect changes in intrinsic
muscle properties, not just acute effects of CCM
signals,

Therefore, in view of prior literature show-
ing that electromagnetic fields can impact on
protein—protein interaction and gene expression
(26], we hypothesized that CCM signals may have
a direct impact on cellular physiology beyond acute
effects on calcium handling. To explore this hy-
pothesis, myocardial samples were taken for molec-
ular and biochemical analysis. Tissue samples were
available from the animals from both the acute and
chronic studies discussed above [32,33); samples
were also available from normal animals. In all
cases, samples were taken from the interventricular
septum (near the site of CCM signal delivery) and
ina remote area on the LV free wall. Findings related
to SERCA2a gene expression are illustrated by the
Northern blots of Figure 4.3. For both acute and
chronic experiments, glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) band intensities show
relatively equal loading in each lane. Compared to
normals, SERCA2a expression was decreased in all
untreated heart failure animals in both the inter-
ventricular septum (“near”) and remote from the
LV free wall (“remote”). For tissue obtained from
animals with acute (4 h) CCM treatment, SERCA2a
expression increased in the region near the site of
CCM signal administration, but not in the remote
region. In the chronic setting, however, SERCA2a
expression was improved in both near and remote
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Figure 4.3 Northern blots showing impact of (a) acute (6
h) and (k) chronic (3 mo) cardiac contractility modulating
(CCM) signal application an myocardial SERCA2a gene
expression, both near and remote from the site of signal
delivery. Tissue obtained from narmal dogs, dogs with
heart failure induced by repeated coronary

regions. These findings are representative of find-
ings obtained with PLB. B-type natriuretic peptide
(BNP) expression was also examined, but in this
case, BNP was overexpressed in untreated heart fail-
ure, decreased acutely only in the region near the
CCM pacing site, and decreased in both the near
and remote sites with chronic CCM treatment. The
fact that gene expression is improved in the short
term only near the area of treatment implies that
the effects of CCM treatment are local and direct.
However, in the long run, where expression is im-
proved in both near and remote sites, two possible
factors may contribute. First, changes in gene ex-
pression in remote areas may be secondary to the
global hemodynamic benefits provided by chronic
regional CCM treatment. Alternatively, there may
be some direct effect that is transmitted to re-
mote sites via gap junctions. Which, if either, of
these is contributory or dominant remains to be
elucidated.

In the chronic study, mRNA expression of a
larger array of genes was examined [33]. These in-
cluded the housekeeping genes GAPDH and calse-
questrin (CSQ), the fetal program genes consist-
ing of B)-adrenergic receptor {f,-AR), a-myosin

Chronic  GAPDH ﬂ - 0w W -

" o w

el e | D Ol

L L TR | R —

microembolization, and similar heart failure dogs exposed
to CCM treatment. As shown, acute CCM improve gene
expression only in the region near where signals are
delivered. However, in the chronic setting, gene expression
is improved both near and remote from the site of signal
delivery. (Reproduced with permission from [33]).

heavy chain (¢-MHC), and A-type (ANP) and B-
type (BNP) natriuretic peptides and the cardiac
SR genes SERCA-2a, PLB, and RYR., Expression of
GAPDH and CSQ was unchanged among the study
groups (i.e., normal dogs, sham-operated heart fail -
ure dogs, and heart failure CCM-treated dogs).
mRNA expression of £,-AR, «-MHC, SERCA-2a,
PLB, and RYR (ryanodine receptor) decreased and
expression of ANP and BNP increased significantly
in sham-operated heart failure dogs compared to
normals. CCM therapy restored the expression of
all genes to near-normal levels,

In addition to looking at mRNA expression, my-
ocardial protein expression was examined in the
myocardium from sites both near and remote from
the site of CCM signal application. Protein levels
of CSQ (a housekeeping gene product) were un-
changed among the three study groups. Protein lev-
els of B;-AR, SERCA-2a, PLB, and RYR decreased
and that of ANP and BNP increased significantly
in sham-operated controls compared to normals,
CCM therapy restored the expression of all mea-
sured proteins except for total PLB. The restora-
tion of genes and proteins after 3 months of CCM
therapy was the same in LV tissue obtained from
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Figure 4.4 (a) Western blots of sarcoplasmic reticulum
proteins in tissue obtained fram the interventricular
septum of 2 normal dogs (NL), 2 sham-operated heart
failure dogs (Sham), and 2 cardiac contractility modulation
{CCM) treated dogs [33]. (b) Western blots of the same

the interventricular septum, the site nearest to the
CCM signal delivery leads, and the LV free wall, a
site remote from the CCM leads (Figure 4.4).
Although protein levels of total PLB did not
change with CCM, levels of PLB that was phosphao-
rylated (P-PLB) at serine-16 and threonine-17 in
tissue obtained from both the interventricular sep-
tum and the LV free wall were significantly lower in
sham-operated heart failure dogs compared to nor-
mal dogs and returned to near-normal levels after
3 months of CCM therapy (Figure 4.5, Table 4.2).
In both the interventricular septum and LV free
wall, the ratio of P-PLB at serine-16 to total PLB
and the ratio of P-PLB at threnonine-17 were also
significantly lower in sham-operated heart failure
dogs compared to normal dogs. Thus, the long-
term CCM therapy resulted in a significant increase

(a) Interventricular septum

L]
s —

NL HF-Sham HF+CCM

(b) LV free wall
|T-- —

b N

l e e | e - o e R Ll IR

NL HF-Sham HF+CCM

CCM NL

A, | P-PLB at Ser-16
P-PLB at Thr-17

— ...._..I Total-PLB

Sham
(b}

proteins in tissue obtained from the left ventricular (LV)
free wall of the same dogs as in (a) [33]. CSQ, calsequestrin;
PLB, phospholamban; RYR, ryanodine receptor; SERCA-2a,
calcium ATPase. (Reproduced with permission from [33]).

CCM

of both ratios in both the interventricular septum
and the LV free wall (Table 4.2),

In summary, in the chronic setting, CCM sig-
nals have hemodynamic effects that persist even
when the signals are turned off, at least for short
(hours) periods of time. The longevity of those ef-
fects is not yet established. CCM signals applied
to myocardium of dogs with chronic heart failure
have relatively rapid impact on gene expression,
but only in the region where they are applied. In
the chronic setting, however, improved gene ex-
pression is present both local to and remote from
the region of signal delivery. These findings poten-
tially imply both direct and indirect effects of the
signals on gene expression. Furthermore, similar
improvements are seen at the protein level. Inter-
estingly, as was the case for PLB for which total

) —— %J P-PLB at Ser-16
s Q| P-PLB at Thr-17
| I Total-PLB

Figure 4.5 (a) Western blots of
phospholamban (PLB) in tissue obtained
from the interventricular septum of 2
normal dogs {NL), 2 sham-operated
heart failure dogs (HF-Sham), and 2
cardiac contractility modulation treated
heart failure dogs (HF + CCM). (b}
Westarn blots of the same protein in
tissue obtained from the left ventricular
(LV) free wall of the same dogs as in (a).
P-PLE at Ser-16, phasphorylated
phospholamban at serine-16; P-PLB at
Thr-17, phosphorylated phospholamban
at threonine-17. (Reproduced with
permission from [33]).
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Table 4.2 Protein expression of total PLB and phosphorylated PLB at serine-16 and threonine-17 in the interventricular
septum and left ventricle free wall of normal dogs (NL) (n = 6), Sham-operated untreated heart failure dogs (Sham;
n = 7), and CCM-treated heart failure dogs (CCM; n = 7).

interventricular septum

LV free wall

NL Sham cm NL Sham v
Total PLB (du) 445 7 305 + 23+ 299 +16° 446 = 19 305 + 19" 299 £ &+
P-PLB Ser-16 (du) 85+6 47 £ 5 79+ 6' 128+ 11 50 £12* 87 = 11+!
P-PLB Thr-17 {du) 146+ 6 62 + 10* 129 £ 127 137 £ 4 56+ 7* 109 + 181
P-PLB Ser-16/Total PLB 0.19 + 0.01 0.15 + 0.01" 0.27 £ 0.02! 0.29 + 0.03 0.16 = 0.03" 0.29 + 0.04"
P-PLB Thr-17/Total PLB 0.33 £ 0.01 0.21 + 0.04* 0.44 £+ 0.05' 0.31 + 0.02 0.19 = 0.03* 0.36 + 0.05'

p < 0.05wvs NL.
p < 0.05 vs Sham.

CCM, cardiac contractility modulating signals; du, densitometric units; PLB, phospholamban; P-PLB, phosphorylated phos-

pholamban; Ser-16, serine-16; Thr-17, theonine-17.

protein expression was not changed significantly,
the ratio of total-to-phosphaorylated PLB improved
in a manner that would result in improved SR cal-
cium handling. Thus, the mechanisms by which
CCM signal impact myocardial properties appear

equivalent to CRT); the effects on acute contractile
performance as quantified by dP/d ¢, of CRT and
CCM were shown to be additive in most patients
(Figure 4.6b) [34].

to go far beyond the original hypotheses related to ~ (a) “ .
acute augmentation of calcium handling. A . .
g 15 ) "
Initial clinical study of acute H " yn
CCM signals § 10'---;;'-_'-“; Hgne aa e
" . .

The initial clinical study of CCM signals involved ER * K B " " :
short-term (10-30 min) CCM signal application 0 . : "
using a desktop signal generator and temporarily
placed electrodes in patients with heart failure who 7550 . 100 150 200
had a clinical indication for an electrophysiology QRS duration (ms)
procedure (such as a CRT and/or ICD implan- — 16.143.7%
tation or a study for evaluation of ventricular or  (b) l_p=n.on1_|
supraventricular arrhythmias) [34,35]. This study — :
involved patients with an average (£SD) age of 60 £ 2
11 years with EF 28 =+ 6%, having either ischemic % s
or idiopathic cardiomyopathy. The findings showed E
the feasibility of delivering CCM treatment in hu- B itond
mans and demonstrated that contractile perfor- Z..";
mance could be enhanced. The signals were applied T good /
to patients with normal and prolonged QRS com- , i .

Baseline BYP  BVP+CCM

plexes and similar acute effects were identified in
both groups (Figure 4.6). The data from all pa-
tients studied showed an average ~10% increase in
dP/dt ., which was independent of baseline QRS
duration (Figure 4.6a). In a subgroup of the patients
with long QRS, CCM signals were also applied si-
multaneously with biventricular pacing (which is

Figure 4.6 (a) Acute effects of cardiac contractility
modulating (CCM) signals on dP/dtmax in patients with
heart failure. Average CCM effect (dashed line) was
independent of QRS duration. (b) In patients with
prolonged QRS duration, CCM effects were additive to
those of biventricular pacing (BVP). (Reproduced with
permission from [34]).
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Another study examined the impact of acute
CCM signal application on myocardial oxygen con-
sumption [36]. Patients were instrumented to mea-
sure coronary flow velocity in the left main artery;
quantitative angiography was performed to mea-
sure left main diameter at the site of velocity mea-
surement (for calculation of cross-sectional area).
Coronary flow was therefore estimated as the prod-
uct of velocity and cross-sectional area. Myocar-
dial oxygen extraction was estimated from mea-
surements of arterial and coronary venous blood
pO; and hemoglobin content. Myocardial oxygen
consumption, in turn, was estimated as the product
of oxygen extraction and coronary flow. This study
was performed in a group of 11 patients, 6 having
idiopathic cardiomyopathy and 5 having ischemic
cardiomyopathy in whom EF averaged 26 + 4%
and peak VO, averaged 13.9 £ 2.3 mL Oy/kg/min.
The results showed that myocardial axygen con-
sumption was 13.6 & 9.7 mL O, /kg/min at baseline
versus 12.5 & 7.2 mL O,/kg/min during CCM ap-
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plication (p = NS). This was in the setting of an
average 8.8 £ 4.8% increase in dP/df g

Device description and
implantation procedure in humans

In the clinical setting, CCM signals are delivered
to the heart by an implantable pulse generator that
looks like a pacemaker and connects to the heart via
standard commercially available pacing leads (Fig-
ure 4.7). The device, called the OPTIMIZER Sys-
tem [37], does not have pacing or antitachycardia
therapy capabilities but is designed to work in con-
cert with pacemakers {including CRT devices) and
internal defibrillators, The implantable pulse gen-
erator has a rechargeable battery that the patients
recharge at home once per week via a transcuta-
neous energy transfer charging unit. In addition,
the system includes an acute monitoring system
used to measure hemodynamic responses during
the system implant and the system programmer.

Heart

Figure 4.7 (&) System overview with the
implantable pulse generator, the leads
connacting to the heart, the charger
and charging wand, the acute
hemodynamic monitoring system used
to measure hemodynamic responses
during the system implant, and the
programmer. (b} Right anterior oblique
(RAQ) and left lateral obklique (LAO)
fluoroscopic images of electrode
olacement during OPTIMIZER System
implant. One lead is placed in tha right
atrium (RA) and two leads are placed on
tha right vantricular septum (RV1, RV2)
approximately midway betwean the
base and apex, ane near the anterior
and one near the posterior
interventricular groove. The LAQO caudal
visw shows the electrode tips point
toward tha patient's left, into tha
zaptum. A micromanomeazer (Millar) 's
placed temporarily To measure
nhysiclogic response to acute CTM
signal aoplication
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The implant procedure is also similar to that of a
standard dual chamber pacemaker and has been de-
scribed in detail previously, along with a detailed de-
scription of the system [5]. In brief, a pocket is made
in the right subclavian region (a pacemaker/ICD
usually residing on the left subclavian region) and
three electrodes are introduced into the subclavian
vein in a standard manner. One electrode is po-
sitioned in the right atrium and is used only for
sensing atrial activity as part of an arrhythmia de-
tection algorithm that inhibits CCM signal delivery
during arrhythmias. The other two electrodes are
positioned on the right ventricular (RV) septum,
The electrodes are positioned under fluoroscopic
guidance approximately halfway between the base
and the apex; one ideally placed near the anterior
interventricular groove and the other in the poste-
rior groove (Figure 4.7).

Chronic signal application in heart
failure patients

The initial experiences with chronic CCM signal ap-
plications were reported in two papers describing
results obtained in patients with New York Heart
Association (NYHA) class I11 symptoms and QRS
duration < 120 milliseconds [37,38]. The study
described in these reports (the FIX-HF-3 study)
were multicenter, unblinded, uncontrolled, treat-
ment only, feasibility studies designed mainly to test
the functionality of an implanted device that auto-
matically delivers CCM signals [37,38]. The OPTI-
MIZER System was implanted in 23 patients withan
average age of 62 & 9 years who were primarily male
(92%) and were split between idiopathic and is-
chemic cardiomyopathy (41 and 59%, respectively).
Baseline EF averaged 22 & 7% and Minnesota Liv-
ing with Heart Failure Questionnaire (MLWHFQ)
score averaged 43 + 22. Patients were well medi-
cated with diuretics (88%), 8-blockers (88%), and
angiotensin-converting enzyme inhibitors (100%).
The study revealed that the device operated as in-
tended; there was no change in ambient ectopy
observed between baseline and 8 weeks of treat-
ment; and no overt safety concerns were revealed,
In addition, improvements were reported in patient
symptoms (assessed by NYHA class), quality of life
(assessed by MLWHFQ), and EF.

This was followed by a second feasibility study
carried out in the United States (the FIX-HF-5
Phase I study) [39]. Forty-nine subjects with EF
< 35%, normal QRS duration (105 £ 15 ms),
and NYHA class III or TV despite medical ther-
apy received a CCM pulse generator. Two weeks
after implantation, patients were randomized to
a treatment group in which their devices were
programmed to deliver CCM signals for 5 h/day
(1= 25) or to a control group in which the de-
vice remained off (n = 24). All patients were fol-
lowed for 6 months; both patients and investigators
were blinded to the treatment group. Evaluations
included NYHA, 6-minute walk, cardiopulmonary
stress test, MLWHFQ, and Holter. Although most
baseline features were balanced between groups, EF
(31.4£7.4vs524.946.5%, p=0.003), end-diastolic
dimension (52.1 £21.4vs62.5+ 6.2mm, p=0.01),
peak VO, (16.0 &= 2.9 vs 14.3 £ 2.8 mL O2/kg/min,
p = 0.02), and anaerobic threshold (12.3 & 2.5 vs
10.6 £ 2.4 mL O,/kg/min, p = 0.01) were all worse
in the treatment group as compared to the control
group. Nevertheless, there was 1 death in the con-
trol group and more treatment group patients were
free of hospitalization for any cause at 6 months
(84% vs 62%; Figure 4.8b). Compared to base-
line, changes in 6-minute walk (13.4 m), peak VO,
(0.2 mL O,/kg/min), and anaerobic threshold
(~0.8 mL Oa/kg/min, Figure 4.8a) were more pos-
itive in the treatment group than in the control
group. None of these differences was statistically
significant because of the small sample size. Nev-
ertheless, despite a distinctly sicker population in
the treatment group, no safety concerns emerged
with chronic CCM signal administration and there
were trends toward better outcomes and improved
symptoms in response to CCM treatment,

These feasibility studies were followed by a multi-
center randomized, double blind, double crossover
study of CCM in heart failure patients with NYHA
class II or Il sympioms despite optimal medical
therapy (the FIX-HF-4 study) [40). One hundred
sixty-four subjects with EF < 35% and NYHA class
11 (2490) or 111 (76%) symptoms received a CCM
pulse generator. Patients were randomly assigned
to Group 1 (n = 80, CCM treatment 3 mo, sham
treatment second 3 mo) or Group 2 (n = 84, sham
treatment 3 mo, CCM treatment second 3 mo). The
coprimary endpoints were changes in peak oxygen
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(@)

Figure 4.8 Key findings from the US
feasibility study (called the FIX-HF-5
Phase | study} of cardiac contractility
modulating (CCM). (3} In this
prospective, double blind study in
which all 49 patients were implanted

with an OPTIMIZER System, average
anaerobic threshold (measured on
cardiopulmonary stress testing)
decreased by 0.85 mL Oz/kg/min in the
Sham control group and remained
constant in the active treatment group.
{b) The event-free survival (i.e., the
proportion of patients alive without
being hospitalized) also trendad better
in the treatment group. With the small
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3,peak) and MIWHEQ. Baseline
EF (29.3£6.69% vs 29.8 & 7.8%), VOz,pear (14.1
+ 3.0 vs 13.6 £ 2.7 mL Oa/kg/min), and ML-
WHFQ (38.9 £+ 27.4 vs 36.5 £ 27.1) were sim-
ilar between groups. VOj ek increased similarly
in both groups during the first 3 months (0.40 £
3.0 vs 0.37 = 3.3 mL O:/kg/min) (Figure 4.9z).
This was interpreted as evidence of a prominent
placebo effect. During the next 3 months, however,
VO peak decreased in the group switched to sham
(—0.86 £ 3.06 mL O/kg/min) and increased in pa-
tients switched to active treatment (0.16 4= 2.50 mL
Oa/kg/min). At the end of the second phase of the
study, the difference in peak VO, between groups
was approximately 1 mL O/kg/min. MLWHEQ
behaved similarly, trending only slightly better with
treatment (—12.06 & 15.33 vs —9.70 £ 16.71) dur-
ing the first 3 months (again consistent with a large
placebo effect) (Figure 4.9b). During the second 3
months, MLWHFQ increased in the group switched
to sham (44.70 & 16.57) and decreased further
in patients switched to active treatment (—0.70 =
15.13). Serious cardiovascular adverse events were
tracked carefully in both groups. The most fre-
quently reported events were episodes of decom-
pensated heart failure, atrial fibrillation, bleeding

consumption (VO»

number of patients, the differences
were not statistically different.
(Reproduced with permission fram [39]).

200

at the OPTIMIZER System implant site, and pneu-
monia. Importantly, there were no significant dif-
ferences between ON and OFF phases in the num-
ber or types of adverse events.

Hospitalizations and mortality were compared
for the first period of the study (since these will
be difficult to interpret following crossover). In all,
there were 14 hospitalizations in Group 1 patients
(CCM ON phase) compared to 20 hospitalizations
in Group 2 patients (CCM OFF phase). In addition,
there was 1 death in a Group 2 patient versus no
deaths in Group | patients. With the relatively small
sample size, the overall event-free survival (Figure
4.9¢} did not reach statistical significance (p=0.31),
but showed trends of magnitude that were similar
to those reported for CRT [1].

In aggrepate, the data from the feasibility and
larger randomized FIX-HF-4 study show that in pa-
tients with heart failure and LV dysfunction, CCM
signals appear to be safe and improve exercise tol-
erance and quality of life.

Currently, a randomized, 12-month, parallel
group study that enrolled 428 patients with NYHA
class 11 ar 1V despite optimal medical therapy is
underway at 50 centers in the United States (the
FIX-HF-5 Phase I1 study).
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Figure 4.9 Key results of the FIX-HF-4 study [40]. (a)
Changes in peak VO, between kaseline and end of Phase |
{labeled "Phase 1) and changes between end of Phase |
and end of Pnase | (labeled “Phase II}. (b} Changes in
MLWHFQ with the same format as in (a). For both,
parameters were significant but similar during the study
Phase |, which was attributed to a placebo effect. Clinically
and stztistically significant differences emerged between
the groups during the second phase of the study, which
revealed treatment henefits. (c) Kaplan-Meier analysis of
the proportion of patients surviving without being
hospitalized during the first phase of the study between
baseline and end of Phase | {labeled "Phase I") and
changes between end of Phase | and end of Phase ||
(labeled "Phase II). Bar graphs of VO, MLWHFQ, and
event-free survival. With the relatively sma!l number of
patients, the diflerences were not statistically

significant.

Evidence of molecular remodeling
in patients with heart failure

To explore mechanisms of CCM effects in patients
with heart failure, the effects of CCM therapy on
myocardial gene expression were investigated in a
substudy of 11 patients of the FIX-HF-4 study de-
scribed above [41]. Endomyocardial biopsies were
obtained at baseline {prior to CCM therapy) and
3 and 6 months thereafter. As detailed above, pa-
tients were randomized either to get CCM therapy
for the first 3 months followed by sham treatment
(Group 1) or to receive sham treatment first fol-
lowed by active treatment (Group2). mRNA ex-
pression was analyzed in core laboratory blinded
to treatment sequence. Expression of ANP, BNP,
MHC, the SR genes SERCA-2a, PLB, RYR, and
the stretch response genes p38 mitogen-activated
protein kinase (MAPK) and p21ras was measured
using reverse transcription polymerase chain reac-
tion and bands quantified in densitometric units
(du}. The 3 months® OFF therapy phase was asso-
ciated with increased expression of ANP, BNP, p38-
MAPK, and p21ras and decreased expression of -
MHC, SERCA-2a, PLB, and RYR. In contrast, the
3 months” ON therapy phase resulted in decreased
expression of ANP, BNP, p38-MAPK, and p2lras
and increased expression of w-MHC, SERCA-2a,
PLB, and RYR.

A detailed analysis of the findings pertaining to
o-MHC is shown in Figure 4.10. Band intensities
were normalized to their respective values obtained
in the baseline heart failure state. Data from patients
with ischemic and idiopathic cardiomyopathy are
shown with dashed and solid lines, respectively. At
the end of Phase 1, e-MHC expression increased
in Group 1 patients (device ON, Figure 4.10a) and
stayed the same or decreased in Group 2 patients
{device OFF, Figure 4.10b). After crossover, expres-
sion decreased in Group 1 patients when the de-
vice was switched off and increased in Group 2 pa-
tients when the device was switched on. The over-
all comparisons are summarized in Figure 4.10c,
where results from ON periods and OFF periods are
pooled. As shown, there was a statistically signifi-
cant ~62.7 & 45.3% increase in e-MHC expression
above the heart failure baseline state in response to
CCM treatment. As shown in this typical example,
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Figure 4.10 Changss in a-MHC (e-myosin heavy chain) expression (quantified as percentage af hassling) at the end of
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two groups and end of "OFF” periads from the two groups (c). Solid lines show data from patiants with idiopathic
cardiomyopathy whergaas dashed lines ara from patient with ischemic cardiomyopathy [21].

there was no substantive difference in the response
identified in hearts with idiopathic and ischemic
cardiomyopathies. These findings were representa-
tive of those obtained with the other genes exam-
ined except, as detailed above, expression of ANP,
BNP, p38-MAPK, and p21ras were decreased dur-
ing CCM therapy.

Most interestingly, there were significant corre-
lations between improvements in gene expression
correlated with improvements in peak VO and
MLWHEQ [41]. As one example, the correlations
between changes in these parameters of functional
status and changes in SERCA2a expression arzsum-
marized in Figure 4.11. Asshown, these correlations
were present for bath ischemic and idiopathic car-
diomyopathy.

These findings indicated that CCM freatmeant
reversed cardiac maladaptive fetal gene program
and normalized expression of key SR Ca** cycling

and stretch response genes. These findings, which
are confirmatory of those identified in respanse to
CCM treatment in animals with heart failure dis-
cussed above, supporta novel mechanism of action
by which CCM improves LV function in patients
with heart failure.

Combining CCM with CRT

As discussed above, CCM signals applied in the
acute setting to heart failure patients simultane-
ously receiving CRT provide additive effects on LV
contractility indexed by dP/dfy,,. Because symp-
toms persist in more than ~30% patients with
prolonged QRS duration receiving CRT, we have
postulated that addition of CCM treatment may
provide an option for these patients, We have pre-
viously reported on the initial experience of com-
bining CCM in CRT nonresponders [42]. It was
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Figure 4.11 Changes in {(a) peak VO, and (b) MLWHFQ
scare versus changes in expression of SERCAZa from the

subset of 11 patients of the FIX-HF-4 study [41]. DCM,
dilated cardiomyopathy; ICM, ischemic cardiomyopathy.

demonstrated that the implantation procedure is
technically feasible, that the OPTIMIZER System
and CRT-D devices can coexist without interfer-
ence, and that acute hemodynamic and clinical im-
provements can be observed. These preliminary re-
sults have provided the impetus for initiation of a
prospective study that is now planned to systemat-
ically investigate the effects of CCM in CRT nonre-
sponders.

Summary and conclusions

Studies of CCM signals performed in isolated mus-
cle strips and in intact hearts of animals with con-
gestive heart failure have suggested that these signals
can enhance myocardial contractile strength. CCM
signal delivery with a pacemaker-like device con-
nected to the heart with standard pacing leads has
been shown to be straightforward to implement
clinically. More recent basic research has demon-

strated that CCM signals effect significant changes
in myocardial gene expression (including a rever-
sal of several aspects of the fetal gene program ex-
pressed in heart failure), improved expression and
phosphaorylation of the sodium-—calcium exchanger
and connexin 43, and improved ratio of total PLB to
phasphorylated PLB [33,41]. These findings point
toward novel mechanisms of action of this electrical
form of treatment.

Results obtained in patients with symptomatic
heart failure with reduced EF have been encourag-
ing and support both safety and efficacy. A large,
randomized, controlled clinical trial is underway in
the United States. Future studies could also evalu-
ate whether CCM is effective in patients with wide
QRS who declare themselves nonresponsive to CRT
(42] or if combining CRT with CCM is more effec-
tive than CRT alone. Testing of these hypotheses
would be facilitated by development of a single de-
vice that incorporates pacing, anti-tachycardia ther-
apies, and CCM.
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