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Abstract
Direct peripheral nerve stimulation is an effective treatment for a number of disorders 
including epilepsy, depression, neuropathic pain, cluster headache, and urological 
dysfunction. The efficacy of this stimulation is ultimately due to modulation of activity in 
the central nervous system. However, the exact brain regions involved in each disorder 
and how they are modulated by peripheral nerve stimulation is not fully understood. 
The use of functional neuroimaging such as SPECT, PET and fMRI in patients 
undergoing peripheral nerve stimulation can help us to understand these mechanisms. 
We review the literature for functional neuroimaging performed in patients implanted 
with peripheral nerve stimulators for the above-mentioned disorders. These studies 
suggest that brain activity in response to peripheral nerve stimulation is a complex 
interaction between the stimulation parameters, disease type and severity, chronicity 
of stimulation, as well as nonspecific effects. From this information we may be able 
to understand which brain structures are involved in the mechanism of peripheral 
nerve stimulation as well as define the neural substrates underlying these disorders.
Key Words: Functional magnetic resonance imaging, occipital nerve,  peripheral 
nerve, positron-emission tomography, sacral nerve, single-photon emission 
 computed tomography, stimulation, trigeminal nerve, vagus nerve

INTRODUCTION

Direct peripheral nerve stimulation using implanted 
electrodes has been used to treat a number of different 
conditions including complex regional pain syndrome 
(CRPS), diabetic neuropathy, occipital neuralgia, low 
back pain, nerve injury pain, migraines, incontinence, 
depression and epilepsy.[40-42] The rationale for peripheral 
stimulation was initially based on the gate control theory 
of pain in which a non-noxious stimulus competes with 
or interferes with the transmission of pain-related sensory 
input.[31] However, accumulating evidence suggests that 
peripheral stimulation may also alter pain perception via 
central mechanisms of neuromodulation. Stimulation 

of the peripheral nerves ultimately leads to modulation 
of activity in neurons in the central nervous system 
that integrate this information and lead to the potential 
therapeutic effect. In order to better understand the brain 
regions involved in this integration, one must correlate 
peripheral nerve stimulation with changes in brain activity.

In order to better understand the central mechanisms 
underlying the response to peripheral nerve stimulation, 
we review the literature for imaging correlates of central 
neuronal activity in response to direct peripheral nerve 
stimulation. We focus our review on human studies 
in which peripheral nerves were stimulated directly 
with permanently implanted electrical stimulators with 
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concurrent functional brain imaging. A comprehensive 
PubMed search was conducted using the keywords 
“nerve”, “stimulation”, “electrode”, “fMRI”, “PET” 
“SPECT”, “MRI”, as well as a review of references within 
the manuscripts identified from the primary search. 
In order to ensure direct applicability to management 
of these disorders in humans, we excluded animal 
studies. Moreover, because the literature suggests that 
transcutaneous and direct peripheral nerve stimulation 
do not correlate with respect to efficacy (e.g., responses 
to transcutaneous stimulation does not predict response 
to direct nerve stimulation), for the purposes of this 
review, studies in which peripheral nerves were stimulated 
indirectly or transcutaneously were omitted.

To date, only four distinct peripheral nerve stimulation 
paradigms have been investigated with concurrent 
functional brain imaging. These are vagus nerve 
stimulation (VNS) for epilepsy and depression, occipital 
nerve stimulation for headaches and occipital neuralgia, 
trigeminal nerve stimulation for neuropathic trigeminal 
pain, and sacral nerve stimulation for urinary and fecal 
incontinence or detrusor hyperactivity. We will review 
the literature relating to the use of functional imaging to 
study the central mechanisms involved in the peripheral 
stimulation of these nerves.

Neuroimaging of central neuromodulation
The main functional imaging modalities that have 
been used to study the central effects of peripheral 
nerve stimulation are single-photon emission computed 
tomography (SPECT), positron-emission tomography 
(PET) and functional magnetic resonance imaging 
(fMRI). SPECT uses a gamma-emitting radioligand with 
a 6-9 mm spatial resolution, 1-minute single acquisition 
time and a 2-hour inter-acquisition interval. PET 
uses a positron emitting ligand with a 4-5-mm spatial 
resolution, ten second acquisition time and 20-30-minute 
interacquisition interval. Finally, fMRI is based on the 
changes in concentration of oxyhemoglobin and has the 
smallest spatial resolution at 1-2 mm, a 2-3 second single 
acquisition time and 2-3 second interacquisition interval. 
Thus, fMRI has the advantage of being able to measure 
changes on a smaller spatial and temporal scale without 
the need to administer radio-labeled compounds. On the 
other hand, PET and SPECT imaging may be helpful 
for assessing changes on a longer time scale and can take 
into account ligand-receptor interactions.[8]

Vagus nerve stimulation
The largest body of data involving central neuroimaging 
in response to peripheral nerve stimulation is in the field 
of VNS for epilepsy. Although VNS has been shown to 
empirically reduce seizure frequency in patients, the 
central mechanisms underlying this effect remain elusive.

The vagus nerve carries several different fiber categories 
including general somatic afferent (GSA), special somatic 

afferent (SSA), general visceral afferent (GVA), and general 
visceral efferent (GVE).[39] The major afferents from the 
vagus nerve have their cell bodies in the nodose ganglion 
and are composed of GVA fibers that synapse on the nucleus 
of the solitary tract, medial reticular formation, the dorsal 
motor nucleus of the vagus, area postrema, and the nucleus 
cuneatus.[39] Ninety-five percent of these vagus afferents 
project to the nucleus of the solitary tract (NTS).[25] 
The NTS in turns projects to the medial reticular 
formation, hypothalamus, thalamus (via the parabrachial 
nucleus), amygdala, hippocampus, and the dorsal raphe.[39] 
Tract-tracer studies in monkeys demonstrate projections 
from the NTS to the VPM nucleus of the thalamus.[3] 
These anatomical studies suggest a major role for the NTS 
and thalamus in the mechanism of action of VNS.

Both the NTS and the thalamus, based on their 
connectivity, are well-positioned to modulate seizure 
activity. In addition, the thalamus directly influences 
activity in limbic structures as thalamic stimulation in 
rats produces long-term potentiation in the amygdala 
and entorhinal cortex.[52] Electrical stimulation of the 
NTS has been shown to prevent epileptogenesis in an 
amygdaloid kindling model in cats.[25] Clinical studies 
also support the role of the thalamus in seizure control. 
The SANTE group found that bilateral stimulation of the 
anterior nucleus of the thalamus reduces seizures.[13,20]  
Thus, the anatomical and empiric clinical evidence 
suggests a major role of structures such as the thalamus 
and mesial limbic regions downstream to the NTS in the 
mechanism of action of VNS.

Thalamic modulation by vagus nerve 
stimulation in epilepsy

Positron-emission tomography imaging correlates of vagus nerve 
stimulation for epilepsy
Functional neuroimaging in patients implanted with 
VNS supports a major role of the thalamus and limbic 
structures in the mechanism of action of VNS for 
refractory epilepsy. For example, Garnett et al. used 
H2

15O-PET to study a series of five patients with VNS 
for epilepsy. They found increased rCBF in the ipsilateral 
anterior thalamus and the cingulate gyrus. However, 
this study was confounded by the occurrence of seizures 
during the scanning period in two out of five subjects.[14]

These results were extended by Ko et al. in their PET study 
of three patients with VNS for intractable partial seizures 
(60 s on time, 2 mA, and 30 Hz). The duration of VNS 
prior to PET imaging was 2, 6 and 7 months. They found 
increased rCBF in the right middle temporal gyrus and 
right thalamus, left posterior cerebellum, and left putamen 
in all three patients. The patient with the most clinical 
improvement had the highest increase in rCBF in the left 
posterior cerebellum and right thalamus while the other 
two patients showed smaller increases in rCBF in these 
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regions.[18] Both of these studies were limited in the small 
number of subjects studied. This may also account for the 
discrepancy in thalamic laterality between the two studies.

Henry et al. studied the effects of long vs. short-term 
VNS on brain activation patterns using H2

15O-PET in 
ten subjects with refractory partial epilepsy. The subjects 
were also divided into high and low (“active control”) 
stimulation groups. Stimulation parameters for the low-
stimulation group were pulse width of 130-μs at 1 Hz 
in trains of 30 s, average current of 0.85 mA, with 180 
minutes between trains. High-stimulation parameters were 
30 Hz in trains of 30 s, pulse width of 500 μs, average 
current of 0.5 mA, with 5 minutes between trains. Subjects 
were imaged after short-term (20 h after starting VNS) 
and long-term (12 weeks of VNS) stimulation. Both acute 
and long-term VNS led to increased rCBF in the bilateral 
thalami, hypothalamus, inferior cerebellar hemispheres, 
and right postcentral gyrus. Interestingly, acute VNS 
lead to cortical rCBF changes with decreases in bilateral 
hippocampi, amygdala, and cingulate gyri and increases in 
the bilateral insula but these did not persist after chronic 
VNS. This pattern was similar across low- and high-
stimulation groups although the volume of change was 
higher in the high-stimulation group.[16] Thus, VNS may 
lead to temporary changes in certain brain regions that 
lead to more long lasting changes in the thalamus.

Single-photon emission computed tomography, correlates of vagus 
nerve stimulation for Epilepsy
Surprisingly, studies using SPECT to investigate central 
neuromodulatory mechanisms of VNS are not, at first 
glance, consistent with the reported PET literature. Ring 
and colleagues used 99 mTc-HMPAO SPECT to study 
seven patients with VNS for epilepsy. Patients had been 
implanted with VNS for at least 6 months prior to imaging 
(30 Hz, pulse width 500 μs, 0.5-2.0 mA, 7 s on, and 
12 s off). Unlike the PET studies, they found decreased 
activity in the bilateral medial thalamus.[38] Likewise, 
Barnes et al. used 99 mTc-HMPAO SPECT to study the 
acute effects of VNS on patients previously not exposed 
to VNS. Like Ring and colleagues, they found decreased 
rCBF relative to baseline in several regions including the 
thalamus (ipsilateral pre- and postcentral gyri, ipsilateral 
amygdala, contralateral posterior thalamus, contralateral 
putamen, contralateral parahippocampal gyrus, ipsilateral 
precuneus, contralateral medial frontal gyrus, and 
contralateral anterior cingulate). Interestingly, they did 
not find any areas of increased rCBF. Overall, this study 
corroborated the inhibitory effect of left VNS stimulation 
on the thalamus, amygdala and parahippocampal gyrus as 
seen in the previous SPECT study.[2] While the precise 
reason for the discrepant results between PET and 
SPECT studies is not clear, one can hypothesize that 
these modality-specific differences may be due to the 
longer time course sampled by SPECT relative to PET.

Similar results were reported by Vonck and colleagues 
using 99 mTc-ethyl cysteinate SPECT in 12 patients 
with refractory epilepsy (30 Hz, pulse width 500 μs, 
0-3 mA, 30 s on and 600 s off). This study also found 
decreased thalamic activity with acute hypoperfusion in 
the left thalamus.[48,46] The authors expanded on these 
results to study both acute and long-term VNS effects 
using the same stimulation parameters in a group of 
23 patients with refractory epilepsy. Again, in the acute 
setting, they found decreased rCBF in the left thalamus, 
right parahippocampal gyrus, and right hippocampus. 
Acute stimulation in the chronic state (an average of 5.7 
months after VNS placement) resulted in left thalamic 
activation. However, when compared to the pre-VNS 
baseline, chronic stimulation resulted in hypoperfusion 
of the bilateral thalamus. In addition, this study looked 
at the correlation between perfusion and therapeutic 
response and found a significant correlation between 
acute hypoperfusion of the right amygdala and clinical 
response to VNS.[47]

The same group published another expanded SPECT 
study in a group of 27 patients that were studied after 
acute VNS and 12 “chronic” VNS patients that were 
studied after six months of stimulation. Acute VNS 
lead to decreased rCBF in the left thalamus, bilateral 
parahippocampal gyrus, and right hippocampus. When 
compared to the initial baseline, baseline imaging after 
chronic VNS showed decreased rCBF in the left thalamus 
with no changes observed in any other region. When 
chronic activation was compared to chronic baseline, 
there was increased rCBF in the left thalamus with no 
changes in other brain regions.[49] This study underlines 
the complex time course of VNS induced changes 
with active VNS leading to an apparent sensitization 
of activation in the thalamus and an overall decrease 
in the baseline thalamic activity over time. Metabolic 
changes within the thalamus and limbic system are due 
to an interaction between the effects of acute stimulation 
superimposed on chronic changes due to plasticity within 
this network. This overall decrease in baseline thalamic 
metabolic activity with time may underlie the observation 
that VNS becomes more efficacious with time.

Functional magnetic resonance imaging correlates of vagus nerve 
stimulation for epilepsy
In contrast to PET and SPECT, fMRI can track the 
effects of VNS with much higher temporal resolution. 
Using fMRI, Narayanan et al. studied five patients that 
were newly implanted with VNS for treatment resistant 
epilepsy (30 Hz and 0.5-2.0 mA, 30 s on and 30 s off). 
They found acute activations of bilateral thalami and 
other regions (bilateral insular cortex, ipsilateral basal 
ganglia, ipsilateral postcentral gyrus, contralateral 
superior temporal gyrus, and the ipsilateral more than 
contralateral inferomedial occipital gyri). However, the 
most robust activation was in the bilateral thalamus and 
insular cortex.[35]
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Liu et al. extended these results in a study of five 
patients with treatment resistant epilepsy who had been 
implanted with VNS from 1 to 11 months (30 Hz, pulse 
width 250 μs). They showed BOLD activation in response 
to VNS stimulation in the frontal and occipital lobes of 
all five patients, the middle temporal lobe and cingulate 
gyrus in three of the five patients, the insula and thalamus 
in two patients, and the cerebellum in four patients. Of 
the five patients in this study, only patients that showed 
clinical improvement in seizure occurrence had thalamic 
activation.[22] This was corroborated by the PET study 
by Henry et al. which showed increased thalamic blood 
flow in patients with clinical improvement.[16] The 
authors state that these findings are consistent with the 
connectivity of the vagus nerve with the parabrachial 
nucleus which, in turn, is connected with basal forebrain 
regions, ventral posterior thalamus and insula.[22]

Importance of thalamic inhibition and 
integration of imaging
While the majority of PET and fMRI studies show 
activation in the thalamus and other limbic structures, 
SPECT studies show a general trend toward thalamic and 
limbic inhibition. As discussed by Barnes, these differences 
may be partly attributable to differences in time course 
between imaging modalities with fMRI and PET tracking 
changes over a time window of seconds, while SPECT 
has a time window of minutes.[8,2] Taken together, these 
studies suggest that while acute VNS leads to thalamic 
activation, chronic stimulation may lead to a decrease in 
baseline thalamic activity over time. Interestingly, a study 
by Sucholeiki et al. using fMRI performed 6-7 months 
after chronic VNS (30 Hz, pulse width 500 μs) found 
no thalamic activation but robust activation in the left 
superior temporal gyrus, the bilateral inferior frontal gyri, 
bilateral medial superior frontal gyri, and the bilateral 
posterior middle frontal gyri.[43] This supports the findings 
of overall decreased thalamic activity after chronic VNS. 
As the thalamus supplies excitatory glutamatergic input 
to the cortex, it is not surprising that chronic thalamic 
deactivation and decreased limbic activity are associated 
with VNS efficacy particularly over time. Indeed, studies 
in rats show that seizure onset in the hippocampus is 
linked to the onset of neuronal activity in the midline 
thalamus and lidocaine infusion in the midline thalamus 
decreases afterdischarge duration in the hippocampus.[4] 
Taken together, these studies support the hypothesis that 
that the thalamus may serve a gating structure for the 
secondary generalization of limbic seizures to the rest of 
the cortex.[45]

Although the majority of functional imaging studies of 
VNS stimulation have used PET, SPECT or fMRI, for 
completeness we mention a single case report of a patient 
with a VNS for epilepsy that was imaged using DWI MRI. 
This patient had known baseline bilateral hippocampal 
atrophy and had been implanted with a VNS (1.25 mA, 

25 Hz, 250 μs, 30 s on and 5 min off). One year after 
initial onset of her seizures, the patient presented with 
status epilepticus that was successfully terminated with 
IV lorazepam. The patient was imaged with DWI within 
24 hours of seizure termination with the VNS turned 
off. DWI revealed ipsilateral right temporal, bilateral 
posterior-lateral thalamic, and bilateral diffuse midbrain 
hyperintensities that resolved completely on repeat 
imaging 6 weeks later. Thus, DWI also supports the 
involvement of thalamic, limbic and midbrain regions in 
VNS, although the study was confounded by the presence 
of status epilepticus.[44]

Cerebellar and nonlimbic modulation by vagus 
nerve stimulation in epilepsy
In addition to thalamic and limbic involvement, a 
number of the studies have also reported that VNS 
leads to changes in the cerebellum and nonlimbic 
cortices.[18,2,35,22] These studies report increased activation 
of the cerebellum or non-limbic cortical regions except 
for the SPECT study by Barnes which showed a decrease 
in rCBF in the putamen.[2] Combined EEG and fMRI 
studies have shown that interictal epileptic discharges 
are associated with activation of widespread cortical, 
subcortical and white matter regions including the 
cerebellum.[12] The cerebellar cortex via Purkinje neurons 
provides inhibitory input to the deep cerebellar output 
nuclei which send excitatory ascending projections to 
the red nucleus and thalamus.[17] Thus, the cerebellum 
has direct access to the previously mentioned thalamo-
cortical network that has been shown to be involved in 
seizure modulation. Maiti et al. showed that electrical 
stimulation of the cerebellar cortex shortened or 
terminated electrically induced afterdischarges, whereas 
stimulation of deep cerebellar nuclei had the opposite 
effect.[27] This supports the view that deep cerebellar 
nuclei are in a position to potentiate seizure activity while 
inhibitory influence from upstream inhibitory Purkinje 
neurons may inhibit epileptogenesis. However, based on 
the above review of neuroimaging in patients with VNS, 
it is unclear whether the cerebellar activation was in the 
cerebellar cortex or deep nuclei. This may be due to 
the lack of spatial resolution of the imaging modalities 
employed. In conclusion, the role of the cerebellum in 
VNS for refractory epilepsy is unclear and additional 
studies with greater spatial resolution are needed.

Vagus nerve stimulation-mediated central 
neuromodulation in depression
In addition to epilepsy, VNS is efficacious in some 
patients with treatment-resistant depression.[33] A wide 
network of brain regions has been implicated in the 
pathogenesis of depression including the prefrontal 
cortex, cingulate cortex, amygdala, hippocampus, 
thalamus and basal forebrain.[36] The efficacy of VNS 
in refractory depression is not surprising given that 
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vagus afferents, via the nucleus of the solitary tract 
(NTS) and parabrachial nucleus, show connectivity with 
many of these regions. In addition, in a study showing 
the efficacy of deep brain stimulation of the subgenual 
cingulate gyrus for treatment-resistant depression, PET 
imaging showed that the antidepressant effect of DBS 
was associated with a decrease in rCBF in the subgenual 
cingulate, hypothalamus, anterior insula, medial frontal 
cortex (BA10), dorsolateral prefrontal cortex (BA9/46), 
dorsal anterior and posterior cingulate gyrus (BA24/31), 
premotor cortex (BA6), and parietal regions (BA40).

The neuroimaging data from patients with VNS for 
treatment-resistant depression (TRD), as reviewed below, 
show changes in similar regions. For example, the first 
imaging study of VNS for TRD utilized fMRI in patients 
chronically implanted with VNS and showed increases in 
BOLD signal in the orbitofrontal cortex, bilateral parieto-
occipital cortex, ipsilateral temporal cortex, hypothalamus 
and ipsilateral amygdale.[6] Although subsequent studies 
have shown a decrease in limbic activation over time, 
this study was potentially confounded by a small sample 
size and by the fact that the patients were on various 
antidepressant medications.

Zobel et al. used 99 mTc-HMPAO SPECT (30 Hz, pulse 
width 500 μs, 30 s on, 5 min off) to measure rCBF 
at four weeks after the onset of VNS compared to a 
prestimulation baseline. They showed only one area of 
increased rCBF, the left dorsolateral prefrontal cortex 
(Brodmann area 46). On the other hand, using SPM 
analysis, decreased rCBF was found in the left medial 
frontal gyrus (BA 9), left area subcentralis (BA 43), left 
inferior and right medial temporal gyrus (BA 20, BA 39), 
left caudate head, and limbic system (bilateral amygdala, 
left parahippocampal gyrus, right posterior cingulate 
gyrus). Compared to the SPM analysis, ROI analysis 
showed decreased rCBF in the amygdala bilaterally, 
left subgenual cingulate, left hippocampus, bilateral 
ventral anterior cingulum, left dorsal anterior cingulum, 
right DLPFC, right thalamus, left caudate nucleus, and 
brainstem.[53] The decrease in signal in the subgenual 
cingulate, in particular, is concordant with early results 
from DBS in this region.[28]

In another study of the acute effects of VNS for 
treatment resistant major depression, Conway et al. 
used H2

15O-PET to study four patients within three 
weeks of VNS placement (0.5 or 1.0 mA, 20 Hz, and a 
pulse width of 130 or 500 μs with 30 s on and 5 min off 
times). Compared to the off state, acute VNS resulted 
in increased rCBF in the bilateral orbitofrontal, anterior 
cingulate, superior frontal, and inferior frontal regions 
and unilaterally in the right fusiform gyrus, left cerebellar 
body, left inferior putamen, and right anterior insula. 
Decreases in rCBF were seen in the bilateral temporal 
cortex, unilateral left precentral and left postcentral 

gyri, left precuneus, and right superior and inferior 
parietal lobules.[10] At first, these results showing limbic 
activation seem contradictory the previous studies. 
However, when the same group expanded their study to 
include more patients, they found decreases in rCBF in 
the bilateral lateral orbitofrontal cortices and left inferior 
temporal lobe. Increases in rCBF were still found in the 
right dorsal anterior cingulate, left posterior limb of the 
internal capsule/medial putamen, right superior temporal 
gyrus, and left cerebellar body.[9] The authors suggest 
that the lateral orbitofrontal cortex integrates visceral 
and other modalities and is involved in decision-making 
and cognitive control. In addition, this orbitofrontal 
network has been shown to be interconnected to a 
distinct medial network which includes the subgenual 
cingulate and medial prefrontal cortex which have been 
shown to be have increased metabolism in depression.[9] 
The unexpected increase in rCBF in the dorsal anterior 
cingulate may be due to the fact that the cingulate may 
be subdivided in to rostral and caudal regions that have 
been shown to play separate roles in pain modulation 
and may also play different roles in modulation of 
depression.[50]

The efficacy of VNS for TRD has been known to increase 
with time. Thus it is important to evaluate the changes 
that occur with chronic VNS. Nahas et al. performed 
a 3-month, double-blind, placebo-controlled serial-
interleaved VNS/fMRI study with an open 20-month 
follow-up (7 s trains of VNS at 20 Hz, pulse width 
500 ms). VNS resulted in decreased BOLD signal in the 
right medial prefrontal cortex, anterior cingulate, left 
anterior temporal pole, and right somatosensory cortex 
and an increased signal in the right superior temporal 
gyrus. In the placebo (sham stimulation) group, there 
was an increase in BOLD signal in the right orbitofrontal 
cortex and no significant decreases. Unlike previous 
studies, this group used multiple regression modeling 
to study the effect of duration of exposure to VNS, 
level of depression, and changes in VNS output current. 
They found that duration of VNS exposure accounted 
for most of the medial prefrontal/limbic deactivations 
including deactivation of the right insula over time while 
initial exposure to VNS lead to limbic activation. These 
deactivations were particularly pronounced after 30 weeks 
of exposure to VNS, which is around the time when the 
most pronounced clinic improvements are observed. This 
finding is similar to initial thalamic activations followed 
by chronic thalamic deactivation seen in VNS for epilepsy. 
Finally, higher VNS output current was associated with 
increased activity in the right somatosensory area which 
may correlate with a heightened awareness of pain in 
patients with depression necessitating lower levels of 
stimulation compared to patents with epilepsy.[34]

Similarly, Pardo et al., using PET to analyze changes in 
metabolism after chronic (greater than one year) VNS 
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therapy, found decreased rCBF in the ventromedial 
prefrontal cortex (VMPFC), a region that extends from 
the subgenual cingulate to the frontal pole.[37] The 
authors point out that decreased VMPC is unique to 
VNS for TRD since the majority of neuroimaging studies 
in patients with VNS for epilepsy do not show changes in 
the VMPFC.[37] This latter finding suggests that different 
disease states may alter the susceptibility of different 
brain regions to peripheral nerve stimulation.

In a follow-up study, Lomarev et al. sought to investigate 
the effect of varying frequencies of VNS stimulation in 
patients with treatment resistant depression. Six patients 
were studied 8-19 months following the date of their 
VNS implant (7 s at 5 Hz and 20 Hz). At the higher 
frequency of stimulation of 20 Hz, VNS led to increased 
BOLD signal in the orbitofrontal cortex, frontal pole, 
hypothalamus, left pallidum, and to a lesser extent, the 
thalamus. On the other hand, low frequency stimulation 
at 5 Hz, did not result in significant activation. In 
addition, the authors studied the longer-term effects of 
stimulation by having subjects listen to a tone during 
a stimulator “off” period. Their result was the first to 
suggest that higher frequency stimulation at 20 Hz results 
in lingering activation even while the VNS was turned 
off.[23] This may also elucidate why VNS for epilepsy 
often leads to increased rCBF in the orbitofrontal cortex 
compared to a decrease seen in TRD patients since VNS 
for TRD is often programmed at a lower stimulation 
frequency.[6,15] This suggests that stimulation frequency is 
another factor that may determine the regional pattern of 
brain activation.

Mu et al. extended these results to measure the effect 
of varying the pulse width in nine patients implanted 
with VNS for treatment resistant depression. They varied 
the pulse width between 130, 250 and 500 μs using a 
frequency of 20 Hz and found a significant effect of pulse 
width on BOLD activation with 130 μs producing the 
least activation.[32] There was a trend toward increasing 
activation of the lateral orbitofrontal cortex, prefrontal 
cortex, insula and striatum with increasing pulse width. 
Interestingly, the lowest pulse width produced greater 
deactivation in the thalamus and cingulate relative to the 
higher pulse widths.

Taken together these studies support the inhibition of a 
wide network of limbic structures in the mechanism of 
action of VNS for TRD. The central components of this 
network are the orbitofrontal cortex and ventromedial 
prefrontal cortex including the subgenual cingulate 
region. Although the amygdala is also implicated in major 
depression, only one group found significant decreases in 
metabolism in the bilateral amygdale.[53] Further studies 
with a larger number of subjects and greater spatial and 
temporal resolution are needed to clarify to role of these 
structures in both acute and chronic VNS for TRD.

The use of VNS for both epilepsy and depression raises 
the question of how one peripheral nerve can modulate 
two distinct disease states. In reviewing the imaging 
correlates of VNS for epilepsy and depression we find 
that differences in stimulation parameters can result in 
distinct brain activation patterns. In addition, structural 
and functional differences within neuronal networks 
between and within patients with epilepsy and depression 
may lead to the differences in regional brain activation 
between these patient populations. There is also a likely 
interaction effect between the physician-controlled 
stimulation parameters and patient-specific factors such 
as type and severity of disease. Finally, one cannot rule 
out the possibility of common neuroanatomical networks 
underlying seemingly distinct disease states.

Occipital and trigeminal nerve stimulation
Functional neuroimaging has also been used to study 
occipital nerve stimulation (ONS) for occipital neuralgia 
and migraine headache as well as trigeminal ganglion 
stimulation for neuropathic trigeminal pain. Pain is a 
common modality in these disorders. In order to place 
this review and discussion in context, it is critical to 
understand the brain regions affected by painful stimuli. 
Lanz et al. performed a meta-analysis studying the 
fMRI and PET correlates of painful stimuli. Specifically, 
different types of pain were studied including “normal”, 
thermal, mechanical, hyperalgesia, allodynia, clinical 
neuropathic, and experimentally-induced pain. The 
authors found greater activation in bilateral secondary 
somatosensory cortex (S2), ipsilateral cingulate cortex, 
contralateral prefrontal cortex, contralateral basal ganglia, 
and contralateral cerebellum in response to allodynia 
and hyperalgesia. However, “normal pain” induced 
greater activation in the ipsilateral insula, contralateral 
anterior cingulate, contralateral prefrontal cortex, 
bilateral thalamus, and bilateral basal ganglia.[21] Clinical 
neuropathic pain was associated with activation of the 
contralateral S2 and supplementary motor area (SMA) 
and ipsilateral cerebellum.[21] Thus, nerve stimulation for 
various pain syndromes would be expected to modulate 
these brain regions, including the insula, cingulate corte, 
prefrontal cortex, thalamus and somatosensory regions.

Kovacs et. al. used 3 T fMRI to visualize the central 
effects of occipital nerve stimulation in a single healthy 
volunteer. Activation was found in the hypothalamus, 
thalamus, orbitofrontal cortex, prefrontal cortex, 
periaqueductal gray, inferior parietal lobule, and 
cerebellum. Deactivation occurred in primary cortices 
such as M1, V1, A1, and S1, the amygdala, paracentral 
lobule, hippocampus, S2, and SMA.[19] This was mainly a 
feasibility study and was limited in that only one subject 
was studied. Matharu et al. used PET in chronic migraine 
patients implanted with bilateral suboccipital stimulators 
to show changes in rCBF in the dorsal rostral pons, 
anterior cingulate cortex, cuneus, and left pulvinar.[19]  
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Thus limbic, sensory and motor regions appear to be 
modulated by ONS.

Magis et al. assessed the effects of chronic ONS in 
a cohort of drug resistant chronic cluster headache 
(drCCH) patients using 18FDG-PET. Compared to 
healthy volunteers, chronic ONS resulted in decreased 
metabolism in the anterior cingulate cortex (ACC), mid-
cingulate, left visual cortex, left pulvinar, cerebellum, 
midbrain, and left lower pons. There was increased 
metabolism in the bilateral sensorimotor cortices. When 
patients with ONS for drCCH were segregated into 
responders vs. nonresponders, there was a significant 
increase in metabolism in the perigenual ACC of 
responders. In addition, the authors found persistent 
hypothalamic activation despite a reduction in cluster 
headache attack frequency. The authors conclude that the 
persistence of hypothalamic activation suggests that ONS 
for cluster headache is only a symptomatic therapy with 
patients still experiencing recurrent autonomic attacks.[26]  
There were no acute differences in metabolism at any 
time point between the stimulator ON or OFF states. 
These results suggest a chronic modulatory effect of ONS 
without any acute changes[26] and corroborate a role of 
the anterior cingulate cortex in modulation of pain.

Electrical stimulation of the trigeminal ganglion 
(TGES) has been shown to have a therapeutic effect 
for trigeminal neuropathic pain.[30] In order to map the 
central mechanisms involved, Willoch et al. measured 
H2

15O-PET activation in a group of ten patients 
implanted with trigeminal ganglion stimulators for 
chronic trigeminal neuropathic pain. Patients were 
studied in three conditions: Stimulator off (chronic 
pain), short-term stimulation (stTGES), and long-term 
stimulation (ltTGES) (85 to 130 Hz, pulse width 210 to 
400 ms, and amplitude range 0.5 to 2.0 V). The minimal 
time interval between implantation and the PET study 
was eight weeks.[50] Short-term TGES (stTGES) showed 
increased rCBF in the ipsilateral superior parietal and 
superior frontal cortices. Significant reduction in rCBF 
was found in the cerebellum, and medial orbitofrontal 
cortex. Long-term TGES (ltTGES) likewise showed 
increased rCBF in the superior prefrontal and superior 
parietal cortices and decreased rCBF in the cerebellum, 
and medial orbitofrontal cortex. In addition, there 
was an increase in rCBF in the bilateral medial frontal 
cortices, and the rostral and mid-ACC. Compared to 
short-term changes, ltTGES showed an increase in rCBF 
in the orbitofrontal and medial frontal cortices that 
extended into the rostral cingulate cortex with decreased 
metabolism in the caudal ACC.[50] Again, this study 
supports a central role for medial frontal and anterior 
cingulate cortex in pain modulation. In addition, the 
differences between metabolism between the anterior 
and caudal ACC suggest that they encode different 
aspects of pain perception. The authors suggest that 

while the caudal ACC is involved in the actual encoding 
of pain, the rostral ACC mediates pain anticipation and 
modulation.[50]

Sacral nerve stimulation
The final paradigm of peripheral nerve stimulation that 
has been studied with functional neuroimaging is sacral 
nerve stimulation for incontinence. Chronic unilateral 
stimulation of the sacral S3 nerve has been described as a 
treatment for urge incontinence and bladder hyperactivity 
refractory to conservative treatment.[7] Previous studies 
have shown that urge during bladder distension has been 
associated with activation of the periaqueductal gray 
(PAG), anterior cingulate gyrus, insula, thalamus, and 
cerebellum.[1,29,51]

Sacral nerve stimulation has been used to treat 
Fowler’s syndrome, a condition seen in young women 
characterized by urinary retention and a lack of sense 
of urgency despite large bladder volumes.[1] Dasgupta 
et al. studied eight patients with Fowler’s syndrome that 
had been implanted with a sacral nerve stimulator and 
compared rCBF using H2

15O PET in the stimulator on 
and off states. They found that bladder filling in healthy 
controls lead to increased rCBF in midbrain, anterior 
cingulate and posterior cingulate regions. In contrast, 
patients with Fowler’s syndrome had an increase in rCBF 
in only the anterior and posterior cingulate without 
midbrain activation with the stimulator turned off. 
Turning the stimulator on lead to additional rCBF in the 
midbrain.[11] The authors suggest a role for an abnormal 
interaction between brainstem and cortical centers in 
patients with this syndrome.

Blok et al. studied a group of 20 patients implanted with 
sacral nerve stimulators (SNS) for detrusor hyperactivity 
using H215O-PET. They found important differences 
in brain activity between acute and chronic SNS. Acute 
SNS lead to decreased rCBF in the medial cerebellum, 
right postcentral gyrus, right insula, and ventromedial 
orbitofrontal cortex. On the other hand, with chronic SNS 
there was a significant decrease in rCBF in the middle 
cingulate gyrus, ventromedial orbitofrontal cortex, right 
dorsolateral prefrontal cortex, left amygdala/hippocampal 
complex, midbrain, midline thalamus, and left cerebellum. 
Group analysis between the acute and chronic states 
showed significant differences in the sensory, premotor 
and cerebellar regions.[5] A major conclusion of this study 
was that acute sacral neuromodulation leads to changes in 
structures known to be involved in sensorimotor learning 
such as the premotor cortex and cerebellum; and, with 
chronic neuromodulation, these become less active while 
other regions involved in central control of micturition 
become more active.Similar changes in activity between 
acute and chronic stimulation were seen by Lundby 
et al. when they studied PET activation in a group of 
10 patients implanted with sacral nerve stimulators for fecal 
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incontinence. While initial stimulation lead to activation of 
the contralateral frontal cortex, after 2 weeks, there was a 
shift in activation to the ipsilateral caudate nucleus.[24]

CONCLUSIONS

Taken together, the following conclusions can be drawn 
from the above studies. First, investigator-controlled 
factors such as stimulation frequency and pulse width 
are major determining factors in which brain regions 
are activated and the degree of their activation. Second, 
brain activation is an interaction between investigator-
controlled stimulation parameters and the patient-
specific neurophysiological state of various brain regions. 
Thus, the same regions may show discordant activity in 
different diseases as networks with a different baseline 
activity may respond differently to stimulation. Third, 
changes in brain activity over time may represent learning 
and plasticity in neuronal networks in which initial 
changes in one set of structures ultimately leads to 
chronic changes in a second set of structures. Thus, we 
must be cautious in interpreting a role for structures that 
may only be temporarily involved or represent a secondary 
phenomenon. Finally, diseases with diverse behavioral 
phenomenology such as epilepsy, depression, pain and 
incontinence may share common neuroanatomical 
substrates in ways that we do not yet fully understand.

The vast majority of studies of central neuromodulation 
in response to direct peripheral nerve stimulation involve 
VNS for epilepsy and depression. On the other hand, 
there is a relative dearth of functional neuroimaging 
studies related to stimulation of other peripheral 
nerves. As more patients are implanted with peripheral 
nerve stimulators, it will become imperative to perform 
functional neuroimaging studies with greater power 
to delineate the regions involved in their therapeutic 
effect. This will hopefully lead to advancements in the 
targeting of these areas for further neuromodulation. The 
peripheral nervous system is the integral link between the 
external world and our internal neuronal representations 
of that world. These studies will not only delineate the 
mechanisms underlying various disease states but also 
help us to understand how the brain represents our 
interaction with the our physical environment.
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