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Abstract
The CardioFit vagal stimulation system has been developed as a proposed therapy for
congestive heart failure (CHF). CardioFit is to be implanted in several hundred CHF patients
enrolled in the INOVATE-HF clinical trial, an FDA approved study. The CardioFit stimulation
lead (CSL), which is a cuff electrode that delivers stimulation pulses to the right cervical
vagus, was designed to recruit efferent cardiac vagal fibers while minimizing unwanted
recruitment of other fibers. This paper presents the CSL and measurements of its recruiting
and blocking properties when placed on isolated porcine vagus nerves maintained at an
elevated temperature in oxygenated artificial cerebrospinal fluid. Using charge balanced
quasi-trapezoidal pulses driven through the CSL, we show in eight out of nine nerves a
63% ± 13% (mean ± SD) unidirectional attenuation of the A-fiber compound action potential
attained at a current of 3.0 ± 0.8 mA. The threshold for the activation of A- and B-fibers was
found to be 0.3 ± 0.17 mA and 2.5 ± 1.1 mA, respectively. The results presented here should
help to guide the optimal parameters used in the upcoming deployment of the CardioFit
system.

in anti-epileptic VNS, is superfluous at best and could induce
unwanted side effects (Zagon and Kemeney 2000).
The CardioFit system is an implanted VNS system
that is approved for marketing in Europe and has been
implanted in about 30 patients (De Ferrari and Schwartz
2011). During INOVATE-HF (INcrease Of VAgal TonE
in chronic Heart Failure), an FDA approved clinical trial
(ClincalTrials.gov 2011), the CardioFit system will be
implanted in several hundred patients in the course of the next
few years. The main components of the CardioFit system are
the CardioFit implantable stimulator (CIS), an implantable
pulse generator; the CardioFit stimulation lead (CSL), a
nerve stimulation electrode; and an off-the-shelf intra-cardiac
sensing electrode (ISE). The CSL safety was demonstrated
using histopathological analysis of nerve samples from
chronically implanted animals (Cohen and Georgievskaya
2011).
The CSL was designed to recruit efferent vagal B-fibers,
while minimizing the recruitment of A-fibers, whose activation
could potentially have undesired central effects. The purpose
of this study was to measure the recruitment and blocking

Introduction
Vagus nerve stimulation (VNS) is an established and widely
used therapy for epilepsy (Handforth et al 1998, Heck
et al 2002) and it has also been approved as a therapy
for treatment-resistant depression (Rush et al 2005). VNS
suitability for several other applications is currently under
investigation (Castoro et al 2011). The mechanism of action
of VNS for these applications has been investigated using
various methodologies (Van Laere et al 2000), yet it is not
fully understood. It has been proposed that VNS-induced
enhancement of parasympathetic tone could serve to treat
congestive heart failure (CHF, Olshansky et al 2008, De Ferrari
and Schwartz 2011) as well as other cardiovascular diseases
(Bilgutay et al 1968, Vanoli et al 1991, Zhang et al 2002,
Tosato et al 2006). In this case, the potential therapeutic
effect presumably relies on the propagation of action potentials
along the axons of efferent cardiac vagal neurons towards the
heart. Any propagation towards the head, particularly along
A-fibers, which have been implicated in seizure suppression
3
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to the cardiac R-wave, which is sensed through the ISE. Each
burst consists of 1–3 pulses with a programmable inter-pulse
interval of 16–350 ms (typically 55 ms). Each pulse is a
quasi-trapezoidal (QT) (Accornero et al 1977, van den Honert
and Mortimer 1979, Sweeney and Mortimer 1986, Fang and
Mortimer 1991, Jones et al 1995, Tosato et al 2007), charge
balanced, asymmetric current pulse. The pulse amplitude
is programmable with current amplitudes of 0,0.1, . . . ,6 mA
and consists of a positive 500 μs plateau followed by an
approximately exponential decay with a time constant of
500 μs. This positive phase is followed by a negative discharge
phase. The electrode is allowed to discharge with a current
limited to an amplitude that is 5% of the amplitude of the
positive phase. Discharge continues until the voltage on
the electrode vanishes, which takes up to 30 ms. Because
the inter-pulse interval within a stimulation burst is longer
than the typical nerve refractory time, the neural response for
each pulse can be taken as independent of the stimulation
history. Hence, characterizing the neural response to single
pulses is the relevant information with regard to the efficacy
of the device, which delivers only low-frequency bursts.

Figure 1. Schematic drawing and electrical wiring diagram of the
CSL positioned around the nerve. Silicone is denoted in black. The
recessed anode and cathodes are denoted by A, C1 and C2,
respectively. The two indifferent contacts are denoted by a ‘0’. One
recess, marked ‘E’, is left empty (no contact) to decrease the
pressure on the nerve. The widths (in mm) are (from left to right)
0.7, 0.7, 1.4, 1.1, 0.7, and 0.7 for the recesses denoted by 0, A, C2, E,
C1, and 0, respectively. The axis of symmetry (center of the nerve)
is marked by a dashed arrow pointing in the efferent direction.

properties of the CSL as a function of stimulation current
and direction. Experiments were conducted on isolated
porcine vagus nerves. The neural response to CSL stimulation
manifested in the compound action potential (CAP) was
recorded and analyzed for relevant stimulation parameters.

CSL dimensions and materials
The CardioFit stimulation lead (CSL) (figure 1) is a modified
bipolar cuff electrode designed primarily for VNS (but it can
be applied broadly for peripheral nerve stimulation). The CSL
cuff is manufactured using injection press molding from liquid
silicone resin (NuSil, Santa Barbara, CA). Recessed into the
silicone cuff are five ring-shaped contacts made of platinum–
iridium (90%/10%). The contacts consist of one anode, two
cathodes (electrically short-circuited to each other) and two
neutral contacts (interconnected and otherwise independent

Methods
The CardioFit system
The CIS delivers stimulation bursts to the right cervical vagus
nerve using the CSL. The stimulation burst is synchronized
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Figure 2. A typical CAP response for a 6 mA current pulse. Distinct peaks corresponding to A- and B-fibers can be seen. The A-fibers have
a double peak at a latency of less than 5 ms corresponding to the Aβ and Aγ subgroups, and the B-fibers have a peak at a latency of
9 ms. The CAP amplitude is normalized by dividing the signal with the maximal measured A-fiber CAP over all currents.
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of other electrodes in the cuff). The CSL’s cuff length is
12.1 mm, and its outer diameter is 5.9 mm. The CSL comes
in four models to ensure a snug fit to the nerve. The models
differ only in the cuff’s inner diameter, which can be one of
2.50 mm, 2.75 mm, 3.00 mm or 3.25 mm.

(A)

Isolated porcine vagus experimental system
Animals were supplied by, and the vagus nerve was dissected
out at, a local abattoir (Institute of Animal Research, Kibbutz
Lahav, Israel). The animals were aged 6 months of mixed
Landrace/Large White breed, and weighed approximately
90 kg. Each animal was killed by a stabbing wound to the
thorax and was bled. The vagus nerve was removed within
8 min of the stabbing and placed in an ice-cold HEPESbuffered sucrose solution containing (in mM) MgCl2 10,
CaCl2 0.5, KCl 3, glucose 11, HEPES 5, sucrose 230, pH
= 7.3–7.4 with NaOH, and shipped to our laboratory. The
nerve was then transferred into artificial cerebrospinal fluid
(ACSF) oxygenated at room temperature in 95% O2 /5% CO2 ,
which contained (in mM) MgCl2 2, CaCl2 2, KCl 2.5, NaCl
126, glucose 10, NaH2 PO4 ·H2 O 1.25 and NaHCO3 26, and
was allowed to equilibrate at room temperature for at least
75 min. After equilibration, the nerve was placed onto an
array of silver–silver chloride wires with one end in a small
‘pool’ in which the CSL was fastened around the nerve and
submerged in ACSF. The pool, containing the oxygenated
ACSF, was kept at 34 ◦ C with a feedback controller to correctly
represent the thresholds for blocking and recruitment at a
physiological temperature. The rest of the array remained
at room temperature (24 ◦ C). In all cases, a CSL with an inner
diameter of 2.5 mm was used as it provided a ‘snug’ fit to
the porcine vagus. The recording was made through a pair
of silver–silver chloride wires from the array. The recording
wires had a spacing of 5–10 mm and were at a distance of
50–90 mm from the CSL. The ground terminal was connected
to a silver–silver chloride wire, which was located between
the CSL and the recording site, and short-circuited to the bath
with a silver–silver chloride pellet. To compare activation in
the blocking direction versus the non-blocking direction of the
CSL, the CSL was removed from the nerve and its direction
was reversed.
The waveform of the pulse, generated by custom-made
software, mimicked the CardioFit pulse waveform. The
waveform was fed through a D/A board (National Instruments,
Austin, TX) to a linear stimulus isolator (WPI, Sarasota,
FL), which was connected to the CSL. The software also
controlled an A/D board that recorded 100 ms segments of
the signal. The signal was first amplified by a Cyberamp
380 (Molecular Devices, Sunnyvale, CA) amplifier (10 000×–
100 000×) in the differential configuration using a fourthorder (80 dB/decade) low-pass Bessel filter at 6 kHz for antialiasing. It was then sampled at a rate of 50 kHz. The software
enabled us to log the CAPs generated by current pulses that
varied in amplitude or duration onto a PC. The sequences
of pulses with varying parameters were delivered in random
order and multiple repetitions were averaged. The latency
and amplitude of peaks were determined offline by finding the
extrema of the waveform components recorded.
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Figure 3. (A) The CAP response for currents ranging from 0.1 to
9 mA in the non-blocking direction. The CAP amplitude is
monotonic non-decreasing as a function of current. (B) The CAP
response in the blocking direction (the same nerve as in figure 2). A
distinct region where the CAP of the A-fibers is attenuated can be
seen for currents at or above 4 mA.

Results
A typical CAP response for a 6 mA current pulse is shown
in figure 2. Distinct peaks corresponding to A- and B-fibers
may be seen. The A-fibers have a double peak (which are
frequently but not always discernable) at a latency of less than
5 ms corresponding to the Aβ and Aγ subgroups, and the
B-fibers have a peak at a latency of 9 ms. Typical CAP
responses for currents ranging from 0.1 to 9 mA in the nonblocking direction are presented in figure 3(A). The A- and
B-fiber CAP amplitudes are either rising or constant as a
function of current. In figure 3(B), we show the CAP responses
of another nerve in the blocking direction. A distinct region
where the CAP of the A-fibers (primarily the Aβ) is attenuated
can be seen in the blocking direction for currents at or above
4 mA.
The maximal CAP amplitude in the latencies relevant for
A-fibers (including both Aβ and Aγ subgroups) and B-fibers
3
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Figure 4. The maximal CAP amplitude in the latencies 2–6 ms relevant for A- (squares, dashed line) and 6–12 ms relevant for B-fibers
(circles, solid line) as a function of stimulation current in the same nerve as used in figures 2 and 3(B). The threshold for A- and B-fiber
activations as well as the region of the A-fiber block (marked by a black bar) can be seen. The CAP amplitude is normalized by dividing the
signal with the maximal measured A-fiber CAP over all currents. Note that this figure depicts the maximal values detected (algorithmically)
for each stimulation, resulting in positive values below threshold due to noise.

anode. Elongating the cuff would probably result in a larger
A-fiber CAP reduction, but this was impractical because it
would also increase the probability of mechanical insult to
the nerve. Previous studies of the CAP recorded from the
pig vagus in vivo (Tosato et al 2007, Vuckovic et al 2008,
Ordelman et al 2010) gave similar results with regard to
Aβ, Aγ , and B-fiber components. All of these papers give
activation thresholds for the various components of the CAP.
These thresholds coincide with our measured thresholds for
the Aβ and B CAP components. Tosato et al (2007) report
higher currents (10 mA) needed for anodal block with a QT
current pulse of the same width or wider, while maximal
block at 6.3 ± 2.3 mA was reported by Vuckovic et al
(2008) for anodal block with QT pulses of the same width
or wider, with a reduction of 60–100% of the maximal CAP
amplitude, which is comparable to what the CSL attained. In
both Tosato et al (2007) and Vuckovic et al (2008), custommade tripolar cuff electrodes were used. The quantitative
differences in percentage blocking and the blocking current
results can be attributed to the different electrode shapes and
dimensions used in these studies driving a different current
distribution through the nerve. Castoro et al (2011) measured
the excitation properties of canine vagal fibers using a helical
bipolar electrode. The activation thresholds they report for Afibers are similar to those measured here, but their measured
B-fiber threshold of 0.5 ± 0.1 mA is much lower than that
measured in the pig. Castoro et al (2011) did not report anodal
blocking in their measurements.
At 6 mA, which is the CIS’s maximal stimulation current,
a charge injection of 6 μC/phase at a charge density of
68 μC/cm2 /phase occurs at the anode (which has a smaller

as a function of stimulation current in the same recording as
shown in figure 3(B) is shown in figure 4. The threshold for
A- and B-fiber activations as well as the region of A-fiber
block (marked by a black bar) can be seen. In measurements
conducted on n = 9 nerves, we found that the threshold for
activation of A-fibers was 0.3 ± 0.17 mA (mean ± SD), while
the threshold for activation of B-fibers was 2.5 ± 1.1 mA.
In eight of the nine measured nerves, A-fiber blocking was
observed. In these fibers, maximal block of A-fibers was
attained at 3.0 ± 0.8 mA with an average reduction of 63%
± 13% from its initial peak activation, which was attained at
1.2 ± 0.4 mA. Threshold and blocking values are presented in
figure 5.

Discussion
The recruitment and blocking characteristics of the CSL were
measured on isolated vagus nerves of the pig. The results show
that the CSL, using the QT pulse produced by the CIS, is able
to excite A- and B-fibers, and that in one direction a range of
currents exists (approximately 3–5 mA) for which the A-fiber
CAP is reduced by more than 60%, while the B-fiber CAP
attains close to maximal activation. Thus, stimulation by the
CSL is B-fiber preferential and directional with regard to Afibers. Such preference toward nerve fiber type and direction
is advantageous in applications that require those features, i.e.
when organ-specific stimulation is required and the side-effect
profile needs to be minimized. A larger reduction in A-fiber
CAP was not obtained due to the virtual cathode produced
by the current flowing in the indifferent contact nearest to the
4

T Ahilea Anholt et al

60

0

40

1

50

Current [mA]
2

A−fiber max block [%]

3

70

4

J. Neural Eng. 8 (2011) 034004

A−fiber threshold

B−fiber threshold

A−fiber max block

Figure 5. Left: A- and B-fiber thresholds (n = 9) and A-fiber maximum blocking current (n = 8). Right: A-fiber CAP amplitude reduction
at maximal blocking as a percentage of the initial peak of A-fiber activation (n = 8, 100% would represent the total block).

human subjects will be similar to those measured on isolated
nerves and reported here. We should have more definitive
data about the recruitment of cardiac fibers in the human
right vagus nerve at the conclusion of the INOVATE-HF trial
(ClinicalTrials.gov 2011).
In conclusion, we show that the CSL, when driven by
the CIS, can produce a significant (>60%) reduction in the
A-fibers afferent component of the CAP. We believe that these
findings will help to guide practitioners to optimal parameter
settings to use in the stimulation of the right vagus nerve of
the prospective participants in the INOVATE-HF clinical trial
(ClinicalTrials.gov 2011).

surface area than the cathodes). While this value is above the
value used elsewhere (Shannon 1992, Popovic and Sinkjaer
2000), we note that in those studies, a stimulation frequency
of 50 Hz for a duration of 7 h was used, while CardioFit is
limited to a 9 Hz stimulation frequency at a 25% duty cycle (i.e.
stimulation is administered following at most 25% of detected
R-waves). As another safety measure, the metal contacts of
the CSL are recessed into the silicone so that the nerve does
not have mechanical contact with any rigid surface to prevent
possible tissue abrasion and damage specific to electrically
active biomaterial interfaces caused by the production of free
radicals on the electrode surface, resulting in peroxidationmediated injury to membrane lipids (Merrill et al 2005).
Indeed, chronic CardioFit stimulation for a duration of 6
months at maximal stimulation parameters was found to be
safe, not damaging the nerve fibers (Cohen and Georgievskaya
2011).
The human data for activation thresholds in the vagus
nerve for comparison to our results are scarce. In Evans
et al (2004), results from nine patients show evoked potentials
corresponding to A-, B- and C-fibers. Thresholds for
activation are not reported. In Koo et al (2001), threshold
currents for the activation and conduction velocity of vagal
fibers in humans of various ages were measured. For adults,
the threshold is below 0.5 mA, which is consistent with our
A-fiber results. The conduction velocity of adult vagal fibers
as measured in that study is 12 m s−1 , which is slower than
the 19 m s−1 measured by Evans et al (2004). Rozman
et al (2009) report influences on the heart function of cervical
left vagus stimulation in a single human subject. They show
that to elicit a significant effect, a current that is above
1.5 mA but below 2.5 mA is needed. This is consistent with our
measured threshold for activation of porcine B-fibers. While
there are some quantitative differences between our porcine
isolated nerve measurements and human measurements, the
overall picture of A- and B-fibers seems comparable. This
suggests that the recruitment characteristics of the CSL in
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