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Abstract
Although the therapeutic effects of Vagus Nerve Stimulation (VNS) have been recognized

in pre-clinical and pilot clinical studies, the effect of different stimulation configurations on

the cardiovascular response is still an open question, especially in the case of VNS deliv-

ered synchronously with cardiac activity. In this paper, we propose a formal mathematical

methodology to analyze the acute cardiac response to different VNS configurations, jointly

considering the chronotropic, dromotropic and inotropic cardiac effects. A latin hypercube

sampling method was chosen to design a uniform experimental plan, composed of 75 dif-

ferent VNS configurations, with different values for the main parameters (current amplitude,

number of delivered pulses, pulse width, interpulse period and the delay between the

detected cardiac event and VNS onset). These VNS configurations were applied to 6

healthy, anesthetized sheep, while acquiring the associated cardiovascular response.

Unobserved VNS configurations were estimated using a Gaussian process regression

(GPR) model. In order to quantitatively analyze the effect of each parameter and their com-

binations on the cardiac response, the Sobol sensitivity method was applied to the obtained

GPR model and inter-individual sensitivity markers were estimated using a bootstrap

approach. Results highlight the dominant effect of pulse current, pulse width and number of

pulses, which explain respectively 49.4%, 19.7% and 6.0% of the mean global cardiovascu-

lar variability provoked by VNS. More interestingly, results also quantify the effect of the

interactions between VNS parameters. In particular, the interactions between current and

pulse width provoke higher cardiac effects than the changes on the number of pulses alone

(between 6 and 25% of the variability). Although the sensitivity of individual VNS parame-

ters seems similar for chronotropic, dromotropic and inotropic responses, the interacting

effects of VNS parameters provoke significantly different cardiac responses, showing the
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feasibility of a parameter-based functional selectivity. These results are of primary impor-

tance for the optimal, subject-specific definition of VNS parameters for a given therapy and

may lead to new closed-loop methods allowing for the optimal adaptation of VNS therapy

through time.

Introduction

Vagus nerve stimulation (VNS) is an approved clinical therapy for medically refractory epi-
lepsy and depression [1–3]. More recently, VNS has been proposed as a promising therapeutic
approach for other pathologies, such as heart failure (HF) [4, 5], cardiac arrhythmia [6] or
inflammation and auto-immune diseases [7]. One common difficulty in all these clinical appli-
cations is to deliver an efficient therapy, while minimizing side effects. This is a particularly
complex problem in the case of VNS, since a typical stimulation pattern consists of a set of
biphasic pulses, characterized by several parameters (current amplitude, pulse width, number
of pulses, interpulse period), delivered through different electrode configurations.Moreover,
these VNS patterns may be triggered by the detection of the cardiac activity (synchronous
VNS) [8] or applied independently on the cardiac function (asynchronous VNS) [9, 10]. The
adaptive, subject-specific, closed-loop definition of VNS parameters seems to be an interesting
option [11–13], however, little knowledge is available today on the physiological effects pro-
duced by varyingVNS parameters in a combined fashion.
Experimental studies have shown that the choice of VNS parameters may have a significant

impact on the therapeutic outcome in the context of myocardial ischemia and HF [14]. Also,
the acute cardiovascular response to individual VNS parameter variations has been evaluated,
concerning the current amplitude [15], the number of pulses [16], pulse width [17], pulse fre-
quency [18–20] or the delay with respect to the detected cardiac cycle, in the case of synchro-
nous VNS [16, 18, 21–23]. More recently, studies have shown that selective acute cardiac
responses can be obtained by applying different combinations of VNS parameter values [24,
25]. Moreover, the relative contributions of the direct efferent effect and the centrally-mediated
afferent effect of VNS have also been studied [26, 27]. These studies underline the necessity of
a time-dependent, subject-specificoptimization of VNS parameters and highlight the underly-
ing complexity of such optimization. Nevertheless, these studies are limited by the amount of
VNS parameter combinations that are analyzed or the lack of a formal quantitative analysis
method of the observed cardiac responses to different VNS configurations.Most of these stud-
ies are focused on stimulation applied independently on the cardiac function (asynchronous
VNS) and information about cardiovascular response to synchronous VNS parameters is still
missing.
In this paper, we propose a formal methodology to analyze the relative significance and the

level of interaction between the different VNS parameters, with respect to their effects on acute
chronotropic, inotropic and dromotropic responses, in the case of synchronous VNS. An origi-
nal experimental design based on an optimized Latin Hypercube sampling (LHS) method has
been proposed, to generate a set of 75 different VNS parameter configurations to be used in
experimental evaluation. These LHS-basedVNS configurations were applied to anesthetized
healthy sheep, while acquiring the most significant cardiovascular variables. Subject-specific
estimations of the cardiac responses to unobservedVNS parameter values are obtained
through a surrogate model, fitting the observeddata acquired from each sheep. These surrogate
models were used as input to a Sobol sensitivity analysis method, to derive quantitative markers
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of the significance of each VNS parameter and their combinations on each cardiac effect.
Results obtained from 6 sheep, are presented and their impact on the design of subject-specific,
closed-loopVNS therapy is discussed.

Methods

Experimental protocol

Data for this study were obtained from six healthy sheep (6.8 ± 1.9 months old, 37.8 ± 3.6 kg),
following a protocol approved by the French local ethics committee for animal experimenta-
tion (“Comité d’thique en matière d’expérimentation animale”, Paris Descartes, Paris, France).
Sheep were initially (induction) anesthetized by propofol (4mg/kg/min) and surgery was per-
formed under isoflurane (1.5%). The intra-cardiac electrogram (EGM) is measured via the
SonRTip™ lead (Sorin Group Italia, Saluggia, Italy) implanted into the right ventricle. Pressure
and electrical probe sensor (Millar Instruments Inc., Houston, USA) was implanted into the
left ventricle. A bipolar stimulation cuff (“C4D3-1”, Obelia or “EquiCurl”, Sorin Group Italia,
Saluggia, Italy) was placed on the right vagus nerve, at a cervical site. The aortic artery dissec-
tion is realized at the cervical level, at an equal distance space between the head and the trunk.
The vagus nerve (VN) is gently removed from the aortic sheath and the cuff is placed around
the VN.
After a verification stage of the implanted instrumentation (in particularVNS electrode

impedance and EGM quality), the experimental evaluation of the proposed control system was
performed using Etomidate (100 mcg/kg/min) as anesthetic agent. The surface ECG, the EGM,
the left intra-ventricular pressure, and the body temperature were monitored and recorded
during the whole procedure. Breathing was artificially controlled at 0.3 Hz (18 breaths/min).
A programmable external neurostimulator (Prototype INTENSE v1.2, Sorin CRM SAS, Cla-

mart, France), driven by a custom real-time control application allowing for the definition of
complex temporal stimulation waveforms and dynamic programming of stimulation parame-
ters, was used to apply VNS to the animals [13]. This neurostimulator provides VNS in con-
stant-current mode, through the use of a set of distributed stimulation units. More details on
the electronic architecture of the stimulation instrumentation are provided elsewhere [28].

Vagus nerve stimulation parameters

Fig 1C represents a typical stimulation burst applied to the vagus nerve in a synchronous
approach. Each burst is characterized by a set of five parameters, that can be represented in a
vector denoted

S ¼ ½Pcur; Pnpulses; Ppw; Pipp; Pdel�; ð1Þ

including the delivered current amplitude (Pcur, mA), the number of delivered pulses (Pnpulses),
the pulse width (Ppw, ms), the interpulse period (Pipp, ms) and the delay between the detected
cardiac event and VNS onset (Pdel, ms).
In this paper, a given realization (realization r) of vector S, having particular values for each

parameter, will be noted Sr. The notation Sr[i] represents the value of the ith element of vector
Sr.
The parameter space studied in this work is thus a five-dimensional space, delimited within

the support defined by the ranges in Table 1. These ranges were defined according to our previ-
ous experiencewith a similar experimentation setup [24], and the objective of keeping moder-
ate bradycardia effects, with instantaneous RR intervals below 1100ms. During the application
of each VNS configuration Sr, sheep were continuously monitored to detect strong bradycardia
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Fig 1. Diagram depicting the main signals and the VNS parameters analyzed in this paper. A)

Representation of the left ventricular pressure signal (red), electrogram (EGM, green) and Vagus Nerve

Stimulation signal (blue). B) Zoom displaying the main markers extracted from each beat: the inter-beat

interval (RR interval) representing the chronotropic effect, the interval between the P-wave and the R-wave

(PR inteval) used as a marker of the dromotropic effect and the maximum of the first of the Plv signal

(dP=dt max). C) A typical VNS burst delivered synchronously with a cardiac beat (after a given delay Pdel),

showing the VNS parameters studied in this paper.

doi:10.1371/journal.pone.0163734.g001

Table 1. Vagus nerve stimulation parameter ranges.

Parameter Notation Range

Current Pcur 0.2 mA to 1 mA

Number of pulses Pnpulses 1 to 4

Pulse width Ppw 0.05 ms to 0.20 ms

Interpulse period Pipp 24.4 ms to 47 ms

Delay Pdel 16 ms to 156 ms

doi:10.1371/journal.pone.0163734.t001
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and adverse events. If a strong bradycardia is provoked by Sr, (RR interval higher than
1100ms), cardiac pacing is automatically activated with an interbeat interval of 1100ms. Also,
side effects (coughs or laryngealmuscle activation) were identified by visual inspection.Config-
urations Sr provoking strong bradycardia or adverse events were removed from the analysis.
Obviously, it is unfeasible to analyze this five-dimensional space using a full factorial design,

since it would lead to a very high number of Sr to be experimentally tested. The following sec-
tion presents the experimental design chosen in this work, to optimize the definition of the
configurations Sr that will be applied to the animals.

Experimental design

In order to improve the exploration of the parameter space of S, a space-filling design based on
an optimized Latin Hypercube Sampling (LHS) method [29] was used to generate a set Se ¼
fS1; :::; SNg of N = 75 random VNS parameter configurations inside a five-dimensional unit
hypercube. This method ensures that the space is explored evenly, while maximizing the mean
distance from each point to all other points in the experimental design. Then, each point was
rescaled to the practical values of parameter ranges in Table 1. In the particular case of Pnpulses,
the rescaled value was rounded to the nearest integer. The experimental design generated with
the LHS method, Se, was generated only once. All 6 sheep in the protocol were stimulated with
the same set of VNS configurations, applied in a different random order. Each VNS configura-
tion used for animal experimentation Sn 2 Se was applied during a 30 s stimulation period
(VNS

on

n ) and was preceded by a resting, non stimulation period of 40 s (VNS
off
n ).

Data processing

In total, 75 VNS configurations were applied to 6 sheep, providing 450 signal segments. Each
segment is constituted of a 40 sVNS

off
n period, immediately followed by a 30 sVNS

on

n period.
These segments were automatically processed offline and manually verified.
The chronotropic markers were extracted from EGM signals (see Fig 1B). R-waves were

detectedwith a method previously proposed and evaluated by our team [30] and the obtained
beat-to-beat RR intervals were used as marker of the chronotropic modulation. P-waves were
detected in a second phase using the surface ECG, by applying a model-based research method
within a time support of 120 ms preceding each detected R-wave [31]. The beat-to-beat PR
intervals were used for studying the dromotropic response. The marker of the inotropic effect
was extracted from the intraventricular pressure signal, by measuring the maximum rate of
change (dP=dt max) of this signal for each cardiac cycle. Finally, a quantification of the cardiac
effect provoked by each Sn was defined as the relative change of each cardiac marker with
respect to the baseline value, observedduringVNS

off
n period:

ycðSnÞ ¼
DcSn
100
¼
cSnVNSon

n
� cSn

VNSoffn

cSn
VNSoffn

; c 2 fRR;PR; dP =dt maxg ; ð2Þ

where cSn
VNSoffn

is the average cardiac marker value of the last ten beats inVNS
off
n and c

Sn
VNSon

n
is the

median value of the corresponding parameter calculated between beats 4 and 23 of theVNS
on

n

period. The first three beats were excluded in order to minimize the effect of the transient
response to the stimulation.
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Surrogate model

The analyses and methods used in this work require an estimate of the cardiac effect produced
by any VNS parameter configuration Sm, within the ranges shown in Table 1. Due to the finite
experimental time and as exposed previously, we dispose of N = 75 observations yc(Sn) for each
cardiac marker c, within the five-dimensional space of S. It is thus necessary to estimate all val-
ues ŷ cðSmÞ as a function of the observeddata yc(Sn), through a surrogate model. In this work,
we apply a Gaussian process regression (GPR) model, by defining an estimator of the form:

ŷcðSmÞ ¼ BcSm þ ZcðSmÞ: ð3Þ

where Bc Sm is typically a linear regression model and Zc(Sm) is a Gaussian process with zero
mean and covariance functionCθ, which depends on hyperparameters θ. A detailed presenta-
tion of this family of interpolators can be found in [32, 33].
In this work, since no a priori knowledge is known on the functionmapping S to a given

cardiac effect, the most simple regression model has been used, assuming that Bc Sm = μc,
where μc is the mean effect of the observeddata on cardiac effect c. Furthermore, it is assumed
that Zc(Sm) is a stationary Gaussian process described by a covariance functionCc,θ(Sn, Sm) =
Kc,θ(kSn − Smk) that depends on the unknown hyperparameters θ, that should be identified,
and on the distance between the points in the input space. Three well-known functions were
evaluated for Kc,θ: exponential, Gaussian or the Matérn family of covariance functions [33].
The best fit on the data, for all GPR models, was obtained using the Matérn 5/2 covariance
function, which was kept for all developments in this work. Therefore, in order to obtain each
estimator ŷcðSmÞ, a training phase is applied to estimate the θ parameters of the Matérn 5/2
covariance function from a subset of the observeddata, using a maximum likelihood loss func-
tion. Once this training phase is finished, each new unobserved ŷ cðSmÞ can be estimated using
as only input the distances of Sm to the experimental design Se.
For each sheep, three GPR models were created to estimate each cardiac effect (ΔRR,ΔPR

and D dP=dt max) using DiceKrigingR package [34]. In order to evaluate the accuracy of each
model, the observedVNS sequences of each individual were randomly partitioned in a training
group and testing group in a 3:1 proportion. This random partition was repeated 1000 times in
a cross-validation approach, using as performance criteria the log-likelihood function observed
in the test group. The model with the highest log-likelihoodwas selected and used for the sensi-
tivity analyses described in the next section. To ease the presentation of the surrogate model
performances, the root mean squared error (RMSE) associated with the selectedmodel was
calculated.

Global sensitivity analysis

Once the surrogate model is defined to estimate each cardiac effect for any value of VNS
parameters, a global sensitivity analysis method can be applied to quantitatively characterize
the relative significance of each VNS parameter on each cardiac effect. In this work, we applied
a global, variance-based sensitivity analysis method: Sobol’s variance decomposition.
In Sobol’s method, the effect of a parameter is measured relative to the variability of the

observedoutput (Var[yc]). Assuming that the parameters are statistically independent, an
ANOVA decomposition can separate the fraction of Var[yc] attributed to the variability of
each S[i]:

Var ½yc� ¼
X

i

Var ½ycjS½i�� þ
X

i

X

j>i

Var ½ycjS½i�; S½j�� þ � � � ð4Þ

Since the solution to multivariate conditional variances are difficult to calculate, a Monte-Carlo
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approach is the most commonly used approach, requiring a significant amount of evaluations.
In this work, Sobol’s indices were calculated using Monte-Carlo evaluations of 106 random Sm,
defined within the ranges shown in Table 1. More details on this algorithm are available in
[35, 36].
Eq (4) can be divided by Var[yc] so that each effect is represented within the support [0, . . .,

1]. Moreover, each term of Eq (4) can be interpreted in a particularmanner:

• Amain effect, first-order effect or non-interacting effect, denoted Ei = Var[yc|S[i]], represents
the effect on the output explained only by the variability of parameter S[i], while leaving all
other parameters constant.

• An interactive effect, or nth-order effect (n> 2), denoted Ei. . .k = Var[yc|S[i], . . ., S[k]], is the
effect explained by the common variability of several parameters S[i], . . ., S[k].

• A total effect, defined as ETi = Ei + ∑j Eij + ∑j,m Sijm + . . ., characterizes the effect provoked by
S[i] (or the main effect,Ei), plus the effect produced by all possible interactions with the
other parameters.

In this paper, we are interested in measuring the main and total effects of each S[i]. More-
over, we also calculate the second and third order effects, to explore the part of the cardiac
responses due to parameter interactions. The sensitivity R package was used for calculations
[37]. Finally, in order to estimate robust inter-individual Sobol sensitivity markers, a bootstrap
method has been applied. Ei and ETi markers obtained from the Monte-Carlo evaluation for
each sheep were used as input to a bootstrapmethod based on random sampling with replace-
ment (using the “boot” R package). R = 10000 realizations were obtained in order to estimate
the mean and standard deviation of inter-individual Ei and ETi values (calculated for all sheep),
as well as their corresponding 95% (percentile) confidence intervals, for each sensitivity marker
and for all cardiac effects.

Results

Cardiac autonomic responses to different VNS parameters

An example of the application of two VNS configurations and their corresponding chronotro-
pic, dromotropic and inotropic markers is depicted in Fig 2. In this example,VNS

on

1 was
applied with parameters S1 = [0.8 mA, 2 pulses, 0.05 ms, 21.3 Hz, 125 ms] andVNS

on

2
with S2 =

[0.4 mA, 2 pulses, 0.2 ms, 21.3 Hz, 125 ms]. It can be observed that VNS
on

1 provoked a higher
chronotropic, dromotropic and inotropic responses thanVNS

on

2
. Interestingly, VNS

on

2
shows

slightly reduced chronotropic and inotropic effects (respectively 13.95% and 12.16%) with
respect toVNS

on

1 (respectively 16.27% and 14.85%), but with no dromotropic response,
whereas a negative effect could be expected [38]. This example shows how VNS parameter
interactions may provoke functionally selective responses and underlines the complexity of the
optimal definition of VNS parameters.

Surrogate model

After manual verification, some sequences were removed due to signal noise, yielding incorrect
detection of cardiac effects. Also, as stated above, sequences corresponding to VNS configura-
tions leading to extreme bradycardia or adverse events were removed. The second column of
Table 2 shows the total number of sequences available for each sheep.
Table 2 also shows the accuracy of the best GPRmodel obtained for each sheep, for each

cardiac effect in terms of RMSE. In all cases, a suitable model could be found, with RMSE
lower than 5 ms for chronotropic and dromotropic effects, and 4 mmHg/ms for the inotropic
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Fig 2. Example of acute cardiac effects provoked by two different sets of VNS parameters. Sequence VNS
on

1 was applied with parameters S1 = [0.8

mA, 2 pulses, 0.05 ms, 21.3 Hz, 125 ms], while sequence VNS
on

2
with S2 = [0.4 mA, 2 pulses, 0.2 ms, 21.3 Hz, 125 ms].

doi:10.1371/journal.pone.0163734.g002

Table 2. RMSE of the best surrogate model for each cardiac effect and each sheep.

Subject Number of sequences RMSE

ŷDRR ŷDPR ŷ dP
dt max

(ms) (ms) (mmHg/ms)

Sheep 1 69 1.56 3.78 1.92

Sheep 2 75 1.59 2.22 2.39

Sheep 3 75 2.75 1.40 1.77

Sheep 4 71 5.01 1.24 3.54

Sheep 5 68 2.73 3.06 2.13

Sheep 6 75 1.93 1.01 1.31

doi:10.1371/journal.pone.0163734.t002

Sensitivity Analysis of VNS parameters on Acute Cardiac Autonomic Responses
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effect. RMSE are slightly higher concerning chronotropic and intropic models for sheep 4 and
for the dromotropic model for sheep 1.
Using the GPR model, it is possible to construct surface response graphs, allowing us to

visualize the cardiac effect provoked by simultaneously varying a pair of VNS parameters,
while leaving the other parameters in constant values. Fig 3 shows illustrative surfaces gener-
ated by chronotropic, dromotropic and inotropic GPR models for sheep 1. In this example,

Fig 3. Cardiac responses to different combinations of VNS parameters, estimated with a Gaussian process regression for

sheep 1. The chronotropic (ŷDRR), dromotropic (ŷDPR) and inotropic (ŷ dP
dt max

) responses are shown in the first, second and third rows,

respectively. Note the different scales of each colormap. The continuous black line represents a reference threshold of 5% variation with

respect to the baseline value.

doi:10.1371/journal.pone.0163734.g003
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surfaces on the left column were generated by varying Ppw and Pcur, and fixing Pnpulses = 4
pulses, Pipp = 31.25 ms and Pdel = 94 ms. Surfaces on the center column were obtained by fixing
Ppw = 0.1 ms and varying Pnpulses and Pcur. Surfaces on the right column were obtained with
Pcur = 0.6 mA while modifyingPdel and Pipp. Although we are interested in the continuous
modification of the observed cardiac effects, represented by the colormap on these surfaces, an
effect threshold of 5% with respect to the baseline value is also depicted (continuous black
line), as a reference. It is important to note that all the parameter sensitivity calculations pre-
sented in the following sections were performed on these continuous values and not on a
binary (on-off) effect, as proposed in other works.
The illustrative surfaces presented in Fig 3 show the complexity of the autonomic responses

to stimulation parameters. For all cardiac responses, pulse current, pulse width and number of
pulses have dominant effects over interpulse period and delay, which appear as negligible
parameters. The surface responses, generated by varying Pnpulses vs Pcur and Pdel vs Pipp, are
weaker in magnitude compared to those produced with Ppw and Pcur. The surfaces profiles also
illustrate the difficulty of using predefinedVNS parameter values. In fact, similar effects can be
produced by several sets of parameters (see for example the dromotropic response to Ppw and
Pcur). These results also show that the bradycardia threshold of 5%, frequently used in the liter-
ature, highly depends on specific combinations of stimulation parameters, and not only on a
single parameter. Although the general response of the cardiac effect was similar for all sheep,
these surfaces presented differences between sheep, showing the necessity of a subject-specific
tuning of stimulation parameters. Surface responses for all other sheep, using the same VNS
parameter values, are shown in S1–S5 Figs.
Another important point illustrated by these surfaces is the functional selectivity associated

with each cardiac effect. For instance, in Fig 3 upper-left surface, it can be observed that a Ppw
= 0.2 and Pcur = 1mA provoke approximately an 80% increase in RR interval with respect to
the baseline value. With the same Pcur = 1mA value and reducing Ppw to about 0.1, it is possible
to observe a significant drop in the chronotropic response (passing from 80% to 20%), while
keeping a dromotropic effect higher than 45% above the baseline value (seen in the same part
of the plane, for the surface in the middle-left panel). The same reasoning can be applied to all
other surfaces in Fig 3. This is especially obvious on the Pnpulses/Pcur plane, where significant
chronotropic effects can be observedwhile the corresponding inotropic responses are negligi-
ble, particularly for high values of current and number of pulses. This selectivity concerning
chronotropic and inotropic effects is highly reproducible for all sheep in the selectedPnpulses/
Pcur plane (see S1–S5 Figs). The mean chronotropic effect in this plane for the 6 sheep is equal
to 58% of the maximum response, while the inotropic effect is equal to 1.9%. The difference
between these autonomic effects was found statistically significant with a Wilcoxon paired test
(p-value< 0.001). This functional selectivity is particularly important for the setting of stimu-
lation parameters, while seeking a set a parameters that provoke significant chronotropic
responses, associated with an efficient vagal stimulation, while preserving cardiac contractility.

Sobol sensitivity analysis

Fig 4 shows the estimated main and total Sobol sensitivity indices for the chronotropic (panel
A), dromotropic (panel B) and inotropic (panel C) effects, for all sheep. Concerning the main
effect (solid bars), a relative significance of each VNS parameter can be established for all car-
diac responses. It can be also observed a significant inter-individual variability. This variability
depends on the VNS parameter, and is more pronounced for the main effect than for the total
effect.More importantly, it can be seen that the differences betweenmain and total effects are

Sensitivity Analysis of VNS parameters on Acute Cardiac Autonomic Responses
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Fig 4. Estimation of Sobol’s main and interactions indices for each VNS parameter on each cardiac

effect. A) chronotropic effect, B) dromotropic effect and C) inotropic effect. Total effects are equal to the sum

of main and interactions effects (the whole color bar).

doi:10.1371/journal.pone.0163734.g004
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high, showing the importance of interacting effects concerning the autonomic responses to dif-
ferent combinations of VNS parameters.
For chronotropism (A), only current, pulse width and number of pulses present a significant

total effect. This result suggests that all the interactions can be attributed to the six combina-
tions of second-order effects among these parameters or to the third-order effect of them. The
same pattern can be observed for dromotropism (B) and inotropism (C). In all cases, since the
main effect of Pipp and Pdel is close to zero, the source of the total effect in these cases is mainly
provoked by interactive effects with current, pulse width or number of pulses.
Fig 5 shows the results of the same kind of analysis using Sobol indices, but using first, sec-

ond and third order indices. Since the number of effects increases exponentially, only the five
larger effects are shown. The other effects are summed and labelled as “other”. The identifica-
tion of the exact interactive effects that contribute to the output variability provide novel results
that were impossible to calculate in previous works.
For chronotropism (Fig 5A), at least 90% of the variability can be explained from the three

most important VNS parameters and their interactions. Among these, the interaction of cur-
rent and pulse width can explain around 8–20%; the third most important effect. The interac-
tion of current and the number of pulses is also important, but not for all individuals.
Concerning dromotropism (Fig 5B), at least 80% of the variability is accounted by almost the
same parameters. A detailed verification showed that these interactions come from all the sec-
ond-order effects associated with delay and interpulse period, respectively. However, none of
these interactions was large enough by itself to be classified among the top five effects. Finally,
concerning inotropism (Fig 5C), results also show a significant effect from the interaction of
current and pulse width.

Fig 5. Relative sensitivity of each VNS parameter and VNS parameter combination, according to

Sobol’s first order and interaction indices. A) chronotropic effect, B) dromotropic effect and C) inotropic

effect. Only the five largest indices are shown, while the rest are summed together (“other”).

doi:10.1371/journal.pone.0163734.g005
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Table 3 presents the mean and standard deviations of main and total indices over all sheep,
for each parameter and each cardiac effect, as well as the confidence intervals obtained through
the bootstrapmethod. The total interactive effects were calculated as the difference between
main and total indices. The pulse current amplitude is the most influential parameter, for all
cardiac effects, with the main sensitivity indices comprised between 47.45% and 52.82%. The
second parameter in terms of significance is pulse width, explaining between 18.60% and
22.94% of the variability. In third place, the number of pulses can account for less than 7% of
the variability, while the interpulse period and delay have only negligible contributions.
Wilcoxon paired tests were performed to measure statistical differences between cardiac

effects. Significant differences (p-value<0.05) were found between chronotropic and inotropic
responses for the main effects associated with Pcur and interactions effects associated with Pcur,

Table 3. Sensitivity analysis results for chronotropic dromotropic and inotropic responses. Main, total and interaction effects are expressed as per-

centage, along with their corresponding 95% confidence intervals [c.i. 95%], computed using a bootstrap approach.

Chronotropic Main (%) Total (%) Interactions (%)

Pcur 47.45 (± 8.83) 71.79 (± 5.52) 24.34 (± 9.35)

[41.50, 54.01] [68.11, 76.15] [17.89, 30.93]

Pnpulses 6.37 (± 2.58) 14.23 (± 4.62) 7.86 (± 3.56)

[4.16, 7.97] [11.01, 17.68] [4.98, 10.41]

Ppw 18.60 (± 2.97) 38.01 (± 11.21) 19.42 (± 10.36)

[15.96, 20.41] [29.79, 46.12] [12.85, 27.58]

Pipp 0.21 (± 0.16) 0.64 (± 0.41) 0.43 (± 0.25)

[0.10, 0.34] [0.38, 0.99] [0.27, 0.64]

Pdel 0.88 (± 1.47) 2.26 (± 3.36) 1.34 (± 1.9)

[0.22, 2.68] [0.70, 6.42] [0.48, 3.69]

Dromotropic Main (%) Total (%) Interactions (%)

Pcur 48.26 (± 11.71) 68.31 (± 11.67) 20.05 (± 3.75)

[42.74, 62.44] [61.97, 79.62] [17.08, 22.53]

Pnpulses 6.16 (± 5.34) 13.71 (± 8.00) 7.55 (± 4.17)

[3.01, 10.94] [6.95, 18.70] [4.03, 10.17]

Ppw 21.21 (± 8.78) 39.87 (± 8.96) 18.66 (± 5.93)

[14.75, 27.44] [33.39, 46.43] [15.49, 24.70]

Pipp 0.13 (± 0.09) 2.85 (± 5.74) 2.71 (± 5.6)

[0.04, 0.19] [0.44, 9.91] [0.35, 9.72]

Pdel 0.61 (± 0.67) 2.86 (± 2.83) 2.24 (± 2.51)

[0.19, 1.17] [1.11, 5.26] [0.61, 4.53]

Inotropic Main (%) Total (%) Interactions (%)

Pcur 52.82 ± 15.36 68.70 ± 12.45 15.87 ± 6.61

[39.60, 62.34] [56.97, 76.55] [11.66, 21.43]

Pnpulses 5.19 ± 4.13 12.43 ± 9.48 7.23 ± 6.25

[2.53, 8.57] [5.57, 19.29] [3.12, 12.10]

Ppw 22.94 ± 5.93 35.92 ± 11.40 12.97 ± 6.18

[18.93, 27.65] [29.21, 46.83] [9.55, 19.02]

Pipp 0.37 ± 0.46 1.48 ± 1.52 1.11 ± 1.26

[0.10, 0.83] [0.676, 3.120] [0.49, 2.63]

Pdel 0.96 ± 1.13 2.51 ± 1.84 1.54 ± 1.29

[0.28, 2.01] [1.05, 3.71] [0.76, 2.71]

doi:10.1371/journal.pone.0163734.t003
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Ppw and Pnpulses. These results suggest that functional selectivity cannot be obtained by varying
only one VNS parameter. However, efficient functional selectivity between chronotropic and
inotropic responses may be produced by jointly modulating Pcur, Ppw and Pnpulses.

Discussion

The objective of this study was to investigate, using formal experimental and analysis methods,
the influence of VNS parameters on the acute autonomic chronotropic, dromotropic and ino-
tropic responses. The quantitative analysis of the acute cardiac effects provoked by the interac-
tion of VNS parameters provides novel results that were impossible to calculate in previous
works. The experimental protocol was designed using LHS in order to ensure a uniform distri-
bution of the VNS configurations applied experimentally. A surrogate model method, based on
Gaussian process regressions, was applied to estimate the effects of VNS for unobserved sets of
parameters. Global sensitivity analyses were performed on the obtainedmodels in order to
quantitatively characterize the influence of each VNS parameter and their interactions on the
three observed cardiovascular responses.
This original approach allowed us to quantify the influence of VNS parameters on the main

acute cardiac effects of VNS, while keeping a reasonable number of experimental sequences.
To our knowledge, such methodologyhas never been applied to this field. Indeed, most pub-
lished works only consider the individual sensitivity of one parameter [15, 18] on a limited
number of physiological variables. The work of Kong et al. [14] studied the effect of a combina-
tion of VNS parameters, and proposed an interesting experimental approach based on the uni-
form designmethod. However, the number of VNS parameter combinations used
experimentally remained too low to be useful for a formal quantitative analysis of global
parameter sensitivity.
Another original aspect of this work is the joint analysis of the three most significant acute

cardiac autonomic effects (chronotropic, dromotropic and inotropic responses), studied syn-
chronously with the same set of VNS parameters. Although the inter-individual variability was
high, a clear relative significance of VNS parameters appears from the results. The VNS param-
eters provoking the greater effect were, in decreasing order, Pcur, Ppw, the combination of Pcur
and Ppw, and Pnpulses. The effects of Pipp and Pdel seems to be lower. The significant sensitivity
of the three cardiac effects to Pcur was expected, as already known from previous studies [15,
25, 39]. However, our work shows that around one third of the total sensitivity to Pcur is due to
interacting effects with other VNS parameters. Our sensitivity analysis also highlights the
importance of Ppw on the three studied cardiac effects. Studies dealing with the impact of pulse
width on cardiac effects offer contradictory conclusions [17, 39]. These discrepanciesmay be
explained by the significant interactions betweenPpw, Pcur and Pnpulses. Our study clearly estab-
lishes the sensitivity of the acute cardiac responses to changes in pulse width, concerning indi-
vidual and interacting effects, in the case of synchronous pulse trains. ConcerningPnpulses,
results show that it provokes significant effects, even if the influence is low compared to Pcur, as
reported in [15]. This work further shows that the sensitivity of Pnpulses is, in most of the cases,
lower than that provoked by the interactions betweenPcur and Ppw.
Numerous studies in the literature concerning synchronous VNS have pointed out a signifi-

cant and non-linear effect of Pdel on cardiac responses [16, 18, 21–23]. The low sensitivity to
Pdel in our study is mainly related to the range defined in our experiments (16 to 156 ms). The
delay values were limited here to 156 ms in order to avoid a cross-talk phenomenon of our cur-
rent prototype between the two stimulation leads (the cuff used for VNS and the intracardiac
lead used for cardiac pacing) that may provoke cardiac arrhythmia.
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To our knowledge, this is the first work evaluating the influence of interpulse period,Pipp,
which showed negligiblemain sensitivity effects in this analysis. It should be recalled here that
all the results in this work should be considered only within the domain of cardiac-synchro-
nized VNS, and that an equivalence with asynchronous VNS is difficult to obtain. This is par-
ticularly true for the Pipp parameter, which should not be confusedwith the inverse of the pulse
frequency parameter used in asynchronous VNS. For instance, a sheep with an average heart
rate of 120 beats per minute would show similar cardiac responses when stimulated with a syn-
chronous VNS pattern using Pnpulses = 1 and with an asynchronous VNS with a pulse fre-
quency of 2Hz (all other common parameters being equal). Obviously, the response to
synchronous stimulation is even more difficult to compare to asynchronous VNS when taking
into account natural heart rate variability and the cases in which Pnpulses> 1, with the effect of
specific parameters Pdel and Pipp. Moreover, results show that the cardiac effect produced by
modifications in Pipp highly depends on other parameters, suggesting that the sensitivity to
common parameters between synchronous and asynchronous VNS (Pcur, Ppw), may also be
significantly different. Therefore, our results on Pipp cannot be easily compared to previous
works focused on the effect of pulse frequency, studied in asynchronous, continuous VNS with
values usually below 10Hz [17–20].
Results from the GPR modeling phase and from the global sensitivity analysis also suggest

that functional selectivity can be hardly provoked by modifying only one VNS parameter.
However, as it was shown in Fig 3 and Table 3, this functional selectivity can be obtained by
modifying a combination of VNS parameters. This can be observedby the difference between
the total and the main effects provoked by each VNS parameter, for all cardiac responses. For
instance, interaction effects for Pcur, Ppw and Pnpulses are significantly different between chrono-
tropic and inotropic effects. The interaction betweenPcur and Pnpulses seems particularly impor-
tant in this functional selectivity. Functional selectivity, induced by varying jointly these
stimulation parameters, is characterized by a consistent negative chronotropic response associ-
ated with a preserved cardiac contractility.
Finally, these results show the complexity of the optimization of VNS therapy during the

titration phase, due to significant inter and intra-patient variability of the three studied cardiac
effects. These facts underline the necessity of an automated titration, integrating closed-loop
control methods, in order to optimize the response to the therapy in an adaptive manner and
to minimize side effects of chronic neurostimulation therapy. The results of the sensitivity anal-
ysis on stimulation parameters is a necessary step to optimize the design of the closed-loop
control methods previously proposed by our team [11–13]. The definition of a patient-specific
controller will require the application of a training phase, which could be based on most influ-
ent parameters (Ppw, Pcur and Pnpulses) and their main interactions.
Limitations of the paper are mainly related to the ranges defined for stimulation parameters.

These ranges were chosen to be easily implementable into an implantable neurostimulation
device, delivering synchronous VNS. They were defined in order to preserve limited energy
consumption, while avoiding side effects. In particular, the delay values were limited to take
into account the technical properties of our current prototype, and kept within a safe interval,
smaller than the average QT interval of the sheep. Although the conclusions proposed in this
work are only valid inside these predefined ranges, the proposed ranking for stimulation
parameters and their interactions provide precious information for definingVNS parameter
optimization strategies. Moreover, in this work we analyzed acute cardiac effects of synchro-
nous VNS, regardless of the neural pathway that provoked them (direct efferent effects or cen-
trally-mediated afferent effects). It is possible that some of the studied parameter
configurations provoke different afferent or efferent effects. Further experimental work is
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currently directed towards the evaluation of the effect of the main synchronous VNS parame-
ters on sheep with intact and transected vagus nerves.

Conclusion

This paper presented a formal analysis of the acute cardiac response to variations of the main
parameters of cardiac-synchronizedVNS. To our knowledge, this is the first work dedicated to
the joint, quantitative exploration of chronotropic, dromotropic and inotropic effects in this
context. In order to ensure an optimal evaluation of the parameter space, the experimental
design was based on a Latin Hypercube sampling method, combined to a Gaussian process
regression. Global sensitivity methods were used to propose a rank between parameters associ-
ated with a quantified analysis of the variability induced by each stimulation parameter. The
quantified evaluation of interactive effects involved in the acute cardiac response to VNS pro-
vides original results with respect to previous works. Although an important inter-individual
variability was observed, the predominant influence of current amplitude, pulse width, number
of pulses and their interactions were clearly highlighted in the analysis for all sheep. Interpulse
period and delay appear as negligible parameters within the range of parameter values studied
in this work. However these parameter show non-negligible interacting effects. The proposed
ranking between parameters will be exploited in our future works concerning the development
of an adaptive closed-loop neuromudulator controller, seeking to optimize the therapy while
minimizing side effects.
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