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Epilepsy is among the most common serious neuro-
logical conditions affecting children worldwide.66 
Despite advances in pharmacological treatments, 

approximately 30% of children develop medically intrac-
table epilepsy requiring adjunctive therapy.40 Vagus nerve 
stimulation (VNS) has emerged as a promising treatment 
modality in the management of medically intractable epi-
lepsy to reduce seizure rates. Despite its widespread use, 
treatment response remains variable with as few as 30% 
of patients achieving a 50% or more reduction in seizure 
frequency.8,37 Although VNS has been used in clinical 
practice for more than two decades, the exact mechanistic 
underpinnings of its effect in modulating seizures remain 
poorly understood and patient-related predictive factors of 
treatment response have yet to be established.

Initial investigation into the mechanisms of VNS 
largely focused on individual anatomical structures and 
neurotransmitter systems within the brain. However, in re-
cent years, advances in brain imaging and computational 
tools have enabled large-scale mapping of neural networks 

across various brain regions. Application of connectomics-
based approaches to the field of epilepsy has begun to shed 
light on the complex network between brainstem centers 
and subcortical and cortical regions that may underlie the 
antiseizure effects of VNS. In this review we outline cur-
rent data on the underlying neural circuitry believed to be 
implicated in VNS responsiveness in what we term the “va-
gus afferent network” and explore current evidence for the 
use of VNS in pediatric epilepsy. We further discuss the 
emerging role of biomarkers to predict treatment effect and 
highlight important avenues of future work. Ultimately, un-
covering the constellation of neural circuits that mediates 
VNS response may help better inform patient selection and 
guide stimulation parameters to optimize treatment effect.

Methods of Investigating Vagal Afferent 
Circuitry

Initial studies examining the anatomical structures im-
plicated in VNS response relied on protein detection meth-
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ods and reporter enzyme tracing to uncover vagal affer-
ent circuitry and elucidate regions of neuronal activation. 
Some of the earliest studies on the vagal afferent network 
utilized horseradish peroxidase retrograde cell labeling to 
define connections between brainstem nuclei and subcor-
tical structures downstream of vagal afferent signaling.7 
The target neuroanatomical structures involved in VNS 
response were later determined by immunohistochemi-
cal analyses of neuronal activation markers such as cFos.53 
Moreover, application of microdialysis techniques in ani-
mal models of epilepsy treated with VNS demonstrated 
significant changes in neurotransmitter levels within key 
brain regions, thus further defining a network of functional 
circuitry activated by VNS.57

The introduction of advanced electrophysiological tools 
and functional imaging techniques has revolutionized our 
ability to investigate neural networks in both spatial and 
temporal dimensions. Many studies to date have utilized 
surface electrode readings to examine changes in evoked 
potentials following VNS and ultimately determine poten-
tial biomarkers of response.52 Application of BOLD func-
tional MRI (fMRI) and PET imaging in clinical studies 
has revealed structural networks that are activated by VNS 
in humans and further demonstrated dynamic changes in 
functional circuitry that occur over time.15,34,44 More re-
cently, resting-state fMRI and phase- and amplitude-based 
studies of oscillatory connectivity have provided insights 
into the interrelations among key nodes of the vagus affer-
ent network. As the field of neural connectomics continues 
to grow, advancements in multimodal neuroimaging will 
likely increase the capability of further investigating VNS 
afferent pathways.

The Vagus Afferent Network
Approximately 80% of vagus nerve fibers are afferent 

sensory fibers that relay both somatic and general visceral 
signals. Vagal afferents primarily project to the nucleus 
tractus solitarius (NTS), which in turn sends fibers to 
other brainstem nuclei important in modulating the activ-
ity of subcortical and cortical circuitry (Fig. 1). Together 
this “vagus afferent network” is likely the neural substrate 
of VNS-mediated antiseizure effects, and further study 
into its complex circuitry will help elucidate predictors of 
treatment response.

Brainstem Centers
Attempts to map the underlying neural networks in-

volved in VNS response has led to the identification of 
critical brainstem nuclei and neurotransmitter systems 
that appear to be early mediators in the pathway of seizure 
modulation.

Nucleus Tractus Solitarius
The NTS serves as a major relay center of vagal afferent 

projections. It receives direct inputs from the vagus nerve 
and subsequently projects to other brainstem nuclei includ-
ing the locus coeruleus (LC), dorsal raphe nucleus (DRN), 
and parabrachial nucleus (PBN), along with forebrain lim-
bic structures such as the paraventricular nucleus of the hy-
pothalamus, stria terminalis, and cingulate cortex.59 VNS 
has been shown to increase c-Fos expression, a marker of 

neuronal activity, within the NTS along with its down-
stream targets during both acute and chronic treatment 
paradigms.18 The functional importance of NTS connec-
tivity in modulating seizure activity is further borne out 
by findings that increased inhibitory gamma-aminobutyric 
acid (GABA) signaling or decreased excitatory glutamate 
signaling within the NST reduces susceptibility to chemi-
cally induced limbic motor seizures.65

Locus Coeruleus
Noradrenergic signaling is an important mediator of 

VNS antiseizure effect. The LC, the primary site of nor-
adrenergic neurons within the brain, receives direct inputs 
from the NTS and projects widely to limbic structures. 
Multiple lines of evidence have implicated the LC in me-
diating the VNS effect and sustaining long-term altera-
tions in functional activity. Short bursts of VNS increase 
neuronal firing in the LC within minutes, leading to eleva-
tions in norepinephrine concentrations within the amyg-
dala, hippocampus, and prefrontal cortex.25,28,33,60 This in-
crease in norepinephrine has been correlated with positive 
treatment response.57 Moreover, stimulation of the LC has 
been shown to suppress epileptic activity within the amyg-
dala,35 and LC lesions block VNS antiepileptic effects.38 
Chronic VNS has also been shown to induce long-lasting 
activation of LC neurons.23

Dorsal Raphe Nucleus
VNS has been shown to regulate serotonergic pathways 

in the brain through modulation of the DRN within the 
brainstem. Whether the DRN receives direct inputs from 
the NTS has been an area of debate. However, electro-
physiological studies have demonstrated indirect projec-
tions by way of the LC to the DRN, which, in turn, sends 
widespread projections to upper cortical regions. Unlike 
the LC, the DRN appears to have a more delayed response 
to VNS. Acute VNS does not lead to changes in DRN neu-
ronal activity.18 However, application of VNS for at least 
14 days increased neuronal firing within the DRN and 
chronic treatment maintained long-term enhancement of 
baseline activity.23 Importantly, this effect was abolished 
when the LC was lesioned, thus supporting an LC-DRN 
synaptic pathway of effect. Moreover, selective destruction 
of serotonergic neurons inhibited the antiepileptic effects 
of VNS in a chemically induced seizure model.14

Parabrachial Nucleus
Vagal afferents project to the PBN in the dorsolateral 

pontine tegmentum by way of both the NTS and LC. Cell 
bodies within the PBN send diffuse outputs to forebrain 
structures including the thalamus, insular cortex, amyg-
dala, and hypothalamus.54 Blood oxygenation level–de-
pendent (BOLD) fMRI analysis of patients with epilepsy 
receiving VNS has revealed activation in downstream 
PBN targets including frontal lobes, insula, and cingulate 
cortex.44 Moreover, PBN likely plays an important role in 
regulating thalamocortical circuitry that may be implicat-
ed in seizure generation. Specifically, PBN activates the 
intralaminar nuclei of the thalamus, which in turn relays 
sensory signals to widespread cortical areas. Motelow et 
al. found decreased activity of intralaminar thalamic nu-
clei and cholinergic neurotransmission in focal temporal 
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lobe epilepsy.49 This suggests a potential role for PBN and 
its upstream cholinergic inputs in mediating the VNS an-
tiepileptic effect.

Subcortical and Cortical Circuitry
Early studies into the mechanism of action of VNS re-

vealed widespread involvement of various subcortical and 
cortical structures.53 With the introduction of cortical map-
ping techniques and advanced functional imaging, recent 
work has begun to elucidate the underlying circuitry be-
tween these structures along with the temporal changes in 
connectivity induced by VNS (Table 1).

Thalamocortical Connections
Alterations in structural and functional thalamocortical 

circuitry have long been implicated in seizure generation 
and propagation. As such, thalamocortical connections are 
believed to be an important substrate of VNS responsive-
ness. The thalamus receives direct inputs from the NTS 
through the central tegmental tract and also receives as-
cending input from the PBN and noradrenergic pathways 
by way of the LC.7 Early studies demonstrated changes in 
regional cerebral blood flow and neuronal activation with-
in the thalamus following VNS.32 In addition, chronic VNS 
has been shown to increase thalamocortical somatosenso-

FIG. 1. The vagus afferent network. Schematic diagram showing the important brainstem centers and subcortical and cortical 
structures that likely underlie VNS treatment effect. ACC = anterior cingulate cortex; amyg = amygdala; hyp = hypothalamus; ins = 
insula; PB = parabrachial nucleus; PFC = prefrontal cortex; S1 = primary somatosensory cortex; thal = thalamus. Copyright Kate 
Campbell, Medical & Scientific Visualizations. Published with permission.
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ry evoked potential (SSEP) latency, a phenomenon that has 
been associated with antiepileptic drug treatment.52 More 
recently, thalamic activation measured by BOLD fMRI 
was associated with improved VNS treatment response in 
patients with seizures.44 The importance of thalamocorti-
cal connections in mediating the VNS antiseizure effect is 
further borne out by findings that thalamic connections to 
the anterior cingulate and insular cortices are stronger in 
VNS responders.34

Plasticity Within Amygdala and Hippocampal Circuits
Multiple lines of work have implicated plasticity within 

the amygdala and hippocampus as important contributors 
to VNS response. Expression changes within the post-
synaptic density proteome of the amygdala and piriform 
cortex have been documented following 1 week of VNS 
stimulation.3 Specifically, expression of neurexin-1a, cad-
herin 13, and a2d1 proteins were upregulated, all of which 
are important drivers of excitatory synapse formation. 
Moreover, VNS has been shown to increase hippocam-
pal gene expression of brain-derived neurotrophic factor 
(BDNF) and fibroblast growth factor (FGF),25 and induce 
long-term cellular proliferation and neurogenesis within 
the hippocampus.11,58 It is postulated that these effects are 
modulated by noradrenergic and serotonergic imputs.39,47 
How increased neuronal plasticity may mediate VNS 
treatment effects remains unclear. Hippocampal atrophy 
has been implicated in the pathogenesis of temporal lobe 
epilepsy and as a predictor of seizure onset.27 Moreover, 
aberrant circuitry within the hippocampus due to both ab-
normal axonal sprouting and loss of regulation of inhibito-
ry inputs has been linked to seizure generation.2 Increased 
neurotrophic factor expression and neurogenesis within 
these brain regions may therefore provide a mechanism 
to form new synapses and rewire dysregulated circuitry.11

There is growing evidence to suggest that VNS alters 
neuronal excitability within the amygdala and hippocam-
pus. VNS has been shown to increase seizure threshold of 
neurons in the amygdala.4 Moreover, VNS decreases field 
excitatory postsynaptic potential (fEPSP) slope and elec-
troencephalography (EEG) power as well as slows theta 
rhythms within the hippocampus, thus suggesting a poten-
tial effect in decreasing excitability and subsequently sei-
zure generation.42,43 It is postulated that this effect may, in 
part, be mediated by noradrenergic signaling to presynaptic 
a2A-adrenoceptors within the dentate gyrus, which blocks 
presynaptic release of excitatory neurotransmitters.10

Reorganization of Limbic Circuitry
Recent work has also suggested that VNS may reorga-

nize functional circuits within the limbic system. Using 
BOLD fMRI data in rats receiving VNS, Cao et al. found 
increased functional connectivity between the retrosple-
nial cortex and hippocampus along with connectivity be-
tween the sensory cortex and striatum,15 circuits presumed 
to mediate memory and learning along with sensorimo-
tor integration and cognition, respectively.6,63 In contrast, 
VNS decreased connectivity between the cingulate cortex 
and ventral striatum, suggesting a decrease in emotional 
processing. While this alteration in functional circuitry 
may, in part, explain the antidepressive effects observed 

with VNS, how these changes modulate seizure threshold 
remains unclear. Nevertheless, these findings underscore 
the importance of conducting further large-scale function-
al and temporal analyses of cortical circuitry alterations 
following VNS.

Immunomodulation by Way of Hypothalamic Regulation
There is emerging evidence to suggest that VNS evokes 

an immunomodulatory response that may contribute to its 
antiepileptic effect. The vagus nerve is intimately associ-
ated with the hypothalamic-pituitary-adrenal axis. Vagal 
afferents by way of the NTS project to corticotrophin-re-
leasing factor neurons in the parvocellular paraventricular 
nucleus of the hypothalamus, which in turn leads to acti-
vation of the adrenocorticotropic hormone–glucocorticoid 
pathway, ultimately exerting an antiinflammatory effect.13 
Increased serum corticosterone levels have been demon-
strated in rodents 1 hour after VNS.20 Moreover, chronic 
VNS in patients with refractory epilepsy led to a significant 
decrease in the proinflammatory cytokine interleukin (IL)–
8.19 Majoie et al. found decreased peripheral blood levels of 
the proinflammatory cytokine IL-6 and increased levels 
of the antiinflammatory cytokine IL-10 in responders to 
VNS. The opposite was observed in VNS nonresponders.46 
Whether these observations reflect a direct modulatory ef-
fect of VNS on inflammatory centers or a biomarker of 
responsiveness remains unclear. However, with increasing 
lines of evidence suggesting that inflammation may be an 
important factor in seizure generation and propagation,62 
future studies are warranted to better characterize the po-
tential immunomodulatory effects of VNS.

Cerebellar Circuitry
Compared to thalamic and limbic connections, consid-

erably less is known about the contribution of cerebellar 
circuitry to VNS responsiveness in epilepsy. Changes in 
cerebellar blood flow have been observed following VNS 
implantation, but the functional importance of this finding 
remains unclear.30 The cerebellum shows oscillatory neu-
ronal activity during generalized seizures and cerebellar 
nuclei are known to send multiple projections to thalamo-
cortical circuits. Further studies are necessary to better de-
termine functional cerebellar pathways that may mediate 
VNS response.

VNS for Pediatric Epileptic Syndromes
Most of the early studies on the efficacy and safety 

of VNS for intractable epilepsy were conducted in adult 
cohorts. However, as this adjunct continues to gain wide-
spread use, increasing evidence supports its utility in the 
setting of pediatric epilepsy syndromes.

Efficacy Among Pediatric Patients
One of the earliest studies focusing on VNS within the 

pediatric population examined 60 children with medically 
intractable epilepsy.50 Following 3 months of VNS treat-
ment there was a 23% median reduction in seizure fre-
quency across the cohort. At 18 months, median reduction 
in seizure frequency was 42% in 46 patients. Rychlicki et 
al. studied the effects of VNS in a cohort of 34 children 
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with drug-resistant epilepsy. Mean reduction in total sei-
zures was 39% by 3 months, 61% by 24 months, and 71% 
by 36 months.61 Patients with partial epilepsy had a better 
response than those with Lennox-Gastaut syndrome. No 
significant adverse side effects were found following im-
plantation. Many other cohort studies have also shown that 
VNS is efficacious and well tolerated in pediatric patients 
with medically refractory epilepsy (summarized in Table 
2).5,9,12,29,64

Dravet Syndrome
Dravet syndrome is a rare condition of childhood as-

sociated with intractable seizures. Few reports have ex-
amined the effect of VNS within this population; how-
ever, those that have suggest good treatment effect. In a 
meta-analysis including 68 patients with Dravet syndrome 
treated with adjunctive VNS, 53% of patients experienced 
≥ 50% reduction in seizures.22 VNS was associated with 
a mean seizure reduction rate of 31% at 12 months in 8 
pediatric patients with Dravet syndrome.67

Lennox-Gastaut Syndrome
Lennox-Gastaut syndrome is a childhood epileptogenic 

disorder associated with a range of different seizures types. 
If seizures are medically refractory, treatment consists of 
either VNS or corpus callosotomy. Lancman et al. found 
that corpus callosotomy had significantly improved out-
comes compared to VNS for > 50% and > 70% atonic sei-

zure reduction. However, other seizure types showed simi-
lar response rates between VNS and corpus callosotomy.41 
In a multicenter retrospective study of pediatric patients 
with Lennox-Gastaut syndrome and medically refractory 
epilepsy, VNS was associated with a median reduction in 
total seizures of 42% at 1 month and 58% at 6 months.26

Predictors of Response
Given the heterogeneity in effectiveness of VNS among 

patients, there is a growing need to determine clinically 
relevant biomarkers to predict treatment response. Insight 
into the underlying antiepileptic mechanisms of action of 
VNS has helped uncover candidate patient and seizure-
related markers that can inform patient selection.

Noninvasive Functional Connectivity and Electrical 
Recording

Assessment of presurgical functional connectivity may 
offer a promising mechanism to predict VNS responders. 
Ibrahim et al. demonstrated that enhanced connectivity 
between the thalamus, anterior cingulate, and insular cor-
tices is associated with improved response to VNS.34 In ad-
dition, increased hippocampal norepinephrine levels have 
been positively associated with VNS-induced antiseizure 
efficacy.57 The P3 component of scalp-recorded event-re-
lated potentials has been used as a surrogate marker of 
LC activity.51 De Taeye et al. found that the P3 amplitude 

TABLE 1. The vagus afferent network: summary of hypotheses

Summary

Brainstem center
  NTS VNS increases c-Fos expression w/in NTS along w/ its downstream targets; increased inhibitory GABA 

signaling or decreased excitatory glutamate signaling w/in the NST reduces susceptibility to chemically 
induced limbic motor seizures

  LC Short bursts of VNS increase neuronal firing in LC leading to elevations in norepinephrine w/in the 
amygdala, hippocampus, & prefrontal cortex; increased norepinephrine is correlated with positive VNS 
treatment response; stimulation of LC suppresses epileptic activity w/in the amygdala; LC lesions block 
VNS antiepileptic effects

  DRN VNS (for at least 14 days) increases neuronal firing w/in the DRN, which is abolished when the LC is 
lesioned; selective destruction of serotonergic neurons inhibits VNS antiepileptic effects

  PBN BOLD fMRI analysis of epilepsy patients receiving VNS has revealed activation in downstream PBN 
targets (frontal lobe, insula, & cingulate cortex); PBN activates the intralaminar nuclei of the thalamus, 
which relays sensory signals to cortical areas; decreased activity of intralaminar thalamic nuclei & 
cholinergic neurotransmission is seen in focal temporal lobe epilepsy

Subcortical & cortical circuitry
  Thalamocortical connections Chronic VNS increases thalamocortical SSEP latency; thalamic activation is associated w/ improved VNS 

treatment response; thalamic connections to the anterior cingulate & insular cortices are stronger in 
VNS responders

  Plasticity w/in amygdala & hippocampal 
circuits

VNS increases hippocampal BDNF & FGF gene expression & induces long-term cellular proliferation & 
neurogenesis; VNS increases seizure threshold of neurons in the amygdala; VNS decreases fEPSP 
slope, EEG power, & slows theta rhythms w/in the hippocampus

  Reorganization of limbic circuitry Increased functional connectivity is seen w/in limbic circuits after VNS
  Immunomodulation by way of hypotha-

lamic regulation
Increased serum corticosterone levels are seen 1 hr after VNS; chronic VNS decreases the proinflamma-

tory cytokine IL-8; decreased levels of IL-6 (proinflammatory) & increased levels of IL-10 (antiinflamma-
tory) are seen in VNS responders

  Cerebellar circuitry Changes in cerebellar blood flow are noted after VNS insertion
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was significantly increased in VNS responders compared 
to nonresponders. Noninvasive scalp recording character-
istics may therefore hold promise as potential noninvasive 
biomarkers to predict treatment response.21

Seizure Semiology
Seizure characteristics may also lend insight into VNS 

responsiveness. Casazza et al. found that patients with tem-
poral region seizure onset had the greatest response to VNS 
compared to those with ictal frontal, central, or diffuse dis-
charges. However, this study was significantly limited by a 
small sample size.16 In a meta-analysis of 74 clinical stud-
ies including 3321 patients undergoing VNS for epilepsy, 
it was found that generalized epilepsy was associated with 
greater benefit from VNS compared to partial seziures.24 
Moreover, it was found that patients with posttraumatic 
epilepsy or tuberous sclerosis had better seizure control 
with VNS than patients with unknown or idiopathic etiol-
ogy.24 Within a cohort of 58 pediatric patients, Kim et al. 
found that children with focal or multifocal epileptiform 
discharges on EEG were more likely to respond to VNS 
compared to those with generalized epileptiform activi-
ties.36

Patient Factors
While still in its infancy, there is growing research into 

patient-related predictive factors to predict VNS respon-
siveness. Some reports have suggested that shorter duration 
of epilepsy prior to VNS may predict a favorable outcome. 
Moreover, patient age at the time of VNS implantation has 
been suggested as a potential predictor of response with 
children and adolescents showing improved outcomes 
compared to adults in some cohorts.17 There has yet to be 
any strong evidence to suggest sex-related differences in 
responsiveness.

Insights Into Other Disease Processes
In recent years, increased understanding of the vagus 

afferent network has enabled the application of VNS to a 
variety of neuropsychiatric conditions including depres-
sion,1 schizophrenia,56 dementia,48 and obesity.55 Early in-
sight into the potential effect of VNS on emotional regu-
lation stemmed from studies of VNS in epileptic patients 
who noted improvements in mood following treatment. 
PET imaging studies have revealed decreased activity of 
structures implicated in mood regulation following VNS 
such as the amygdala, hippocampus, and cingulate cortex.31 
Moreover, the known effect of VNS on noradrenergic and 
serotonergic pathways, neurotransmitter systems that play a 
key role in depression,23 suggests an underlying mechanism 
of action for mood regulation.

The finding that VNS reduces hippocampal hyperac-
tivity has suggested a potential role for this treatment in 
the management of cognitive dysfunction in the setting 
of schizophrenia. Hyperactivity within the ventral hippo-
campus has previously been linked to abnormal dopamine 
signaling, which underlies cognitive disturbances associ-
ated with schizophrenia.45 Treatment with VNS was sub-
sequently shown to reduce hippocampal activity and aber-
rant dopamine signaling, resulting in attenuation of positive 
symptoms in an animal model of schizophrenia.56 Ulti-
mately, further understanding of the neural circuits within 
the vagus afferent network may enable application of VNS 
therapy to a multitude of other neuropsychiatric conditions.

Conclusions
VNS has gained widespread use for the treatment of 

refractory epilepsy. The emergence of functional connec-
tomics and the introduction of large-scale modeling of neu-
ral networks has helped elucidate the underlying circuitry 

TABLE 2. Summary of selected studies investigating VNS for pediatric epilepsy 

Authors & Year Cohort Findings

Benifla et al., 
2006

41 patients, mean age 13 yrs 15 (38%) had a seizure frequency reduction of >90% (mean follow-up 31 mos); 15 (38%) 
failed to respond to VNS treatment; 5 required device removal secondary to side ef-
fects/complications; most common side effects were cough & vocal disturbance

Helmers et al., 
2001

125 patients at baseline, 95 at 3 mos, 56 
at 6 mos, 12 at 12 mos; mean age at 
implantation 11.8 yrs

Average seizure reduction of 36.1% & 44.7% at 3 & 6 mos, respectively; side effects 
included voice alteration & coughing during stimulation

Blount et al., 
2006

6 patients (<5 yrs old) 83% of patients had a significant decrease in seizure frequency: 2 seizure-free (33%), 3 
improved (50%), 1 (17%) no change in seizure status

Rychlicki et al., 
2006

n = 34, mean age 11.5 yrs Mean reduction in total seizures was 39% by 3 mos, 61% by 24 mos, & 71% by 36 mos; 
side effects included voice alteration & coughing during stimulation

Wakai & Kota-
gal, 2001

5 patients, median age at implantation 
12.7 yrs

Seizure frequency was reduced >50% after VNS in 4/5 patients; no significant adverse 
effects w/ VNS

Alexopoulos et 
al., 2006

46 patients, median age at implantation 
12.1 yrs

Median seizure-frequency reduction was 56% (3 mos), 50% (6 mos), 63% (12 mos), 83% 
(24 mos), & 74% (36 mos); 20 patients (43.5%) had >75% seizure-frequency reduction; 
19 patients (41.3%) had no response; 21.7% of patients discontinued VNS due to lack 
of efficacy or infection 

Murphy, 1999 60 patients, median age 15 yrs After 3 mos of VNS treatment, there was a median reduction of 23% in seizure frequency; 
at 18 mos, median reduction in seizure frequency was 42% in 46 patients
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within the vagus afferent network that may be involved in 
VNS treatment effect and responsiveness. Further work in 
defining epileptogenic networks and understanding the re-
gional and temporal circuit changes induced by VNS will 
be paramount in better informing appropriate patient selec-
tion and optimizing stimulation parameters.
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