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NoNpulsatile tinnitus is the perception of a sound in 
the absence of an external source and is therefore 
often considered a phantom sound.30 It is related 

to abnormal activity in the auditory and nonauditory brain 
areas,48 which can be altered by neuromodulation tech-
niques.24

As tinnitus is most commonly related to auditory de-
afferentation20 with30,31 or without59 audiometric hearing 
loss, it has been regarded as maladaptive auditory memory 
traces5 attempting to reduce the inherent auditory uncer-
tainty associated with auditory deafferentation.11 Apart 
from abnormal activity, pathological functional connec-
tivity is also associated with the presence of tinnitus as 
demonstrated by electroencephalography (EEG),57 mag-
netoencephalography (MEG),38,39 and functional MRI 
(fMRI).26,27 Thus, it has been proposed that the phenom-
enologically unified percept of tinnitus can be considered 

an emergent property of multiple, parallel, dynamically 
changing, and partially overlapping subnetworks, each 
with a specific spontaneous oscillatory pattern and func-
tional connectivity signature.17 Functional imaging studies 
using source-localized EEG and MEG have shown that 
tinnitus distress is related to a network involving the an-
terior cingulate cortex (ACC), anterior insula, and para-
hippocampal area,6,22,56 whereas the auditory cortex is 
involved in the perceived tinnitus intensity.44 The distress 
subnetwork is predominantly lateralized to the right, in 
contrast to a similar network encoding depression that is 
lateralized to the left.21 The loudness and distress networks 
are clearly separable even though they interact. Commu-
nication between these different subnetworks is proposed 
to occur at hubs, brain areas that are involved in multiple 
subnetworks simultaneously. These hubs can take part in 
each separable subnetwork at different frequencies. Com-

abbreviatioNs ACC = anterior cingulate cortex; BA = Brodmann area; BOLD = blood oxygen level–dependent; d = dorsal; DLPFC = dorsolateral prefrontal cortex; EEG 
= electroencephalography; fMRI = functional MRI; HADS = Hospital Anxiety Depression Scale; MEG = magnetoencephalography; NRS = numeric rating scale; r = repeti-
tive; sg = subgenual; sLORETA = standardized low-resolution electromagnetic tomography; tDCS = transcranial direct current stimulation; TENS = transcutaneous electrical 
nerve stimulation; TMS = transcranial magnetic stimulation; TQ = tinnitus questionnaire. 
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Tinnitus can be distressful, and tinnitus distress has been linked to increased beta oscillatory activity in the dorsal 
anterior cingulate cortex (dACC). The amount of distress is linked to alpha activity in the medial temporal lobe (amygdala 
and parahippocampal area), as well as the subgenual (sg)ACC and insula, and the functional connectivity between the 
parahippocampal area and the sgACC at 10 and 11.5 Hz.
The authors describe 2 patients with very severely distressing intractable tinnitus who underwent transcranial magnetic 
stimulation (TMS) with a double-cone coil targeting the dACC and subsequent implantation of electrodes on the dACC. 
One of the patients responded to the implant and one did not, even though phenomenologically they both expressed the 
same tinnitus loudness and distress.
The responder has remained dramatically improved for more than 2 years with 6-Hz burst stimulation of the dACC. The 
2 patients differed in functional connectivity between the area of the implant and a tinnitus network consisting of the 
parahippocampal area as well as the sgACC and insula; that is, the responder had increased functional connectivity 
between these areas, whereas the nonresponder had decreased functional connectivity between these areas. Only the 
patient with increased functional connectivity linked to the target area of repetitive TMS or implantation might transmit 
the stimulation current to the entire tinnitus network and thus clinically improve.
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munication between the subnetworks is proposed to occur 
at discrete oscillatory frequencies in healthy controls.3 In 
tinnitus the amount of distress present is related to 10- and 
11.5-Hz oscillations between the parahippocampal area 
and the subgenual (sg)ACC.46 As such, the brain uses mul-
tiple nonspecific networks in parallel, each with their own 
oscillatory signature, that adapt to the context to construct 
a unified percept possibly by synchronized activation in-
tegrated at the hubs at discrete oscillatory frequencies.17

Whether an external auditory stimulus is consciously 
perceived depends on activity in the dorsal (d)ACC and in-
sula,36 which is part of the salience network.40 The dACC 
and insula activation in tinnitus can thus be considered 
as a paradoxical salience attributed to a nonmeaningful 
internally generated sound, which may thereby remain 
conscious. Thus, modulating the dACC could have an ef-
fect both on the loudness of the tinnitus and on the dis-
tress and mood, as demonstrated by transcranial magnetic 
stimulation (TMS) with a double-cone coil targeting this 
area.51,53,54 The problem with the repetitive (r)TMS ses-
sions is that the clinical effect is short-lived, which could 
be alleviated by implanting an electrode on the dACC for 
the permanent suppression of increased tinnitus-related 
dACC hyperactivity.

After obtaining approval from the ethics committee 
and informed consent from the patients, we implanted bi-
lateral electrodes on the dACC for tinnitus suppression in 
2 patients, both of whom also underwent rTMS with the 
double-cone coil in a placebo-controlled way.

case reports
case 1
History and Examination

A 64-year-old man presented to the multidisciplinary 
Tinnitus Research Initiative Clinic at the BRAI2N Neu-

romodulation Center at Antwerp University, Belgium. 
He suffered from bilateral tinnitus, which suddenly arose 
overnight but had persisted for 39 years. The tinnitus was 
perceived as a pure tone, somewhat more pronounced on 
the left than the right. It was scored 10/10 for both loud-
ness and distress on a numeric rating scale (NRS), and 
increased with fatigue and stress as well as with noise ex-
posure. He also suffered from hyperacusis (sound intoler-
ance) associated with high-frequency hearing loss (Fig. 1 
upper) compatible with presbycusis.

The patient denied having headaches or any neck pain 
that modulated the tinnitus. There were no other signs of 
somatosensory modulation of his tinnitus. He experienced 
no overt or covert hemifacial spasms or geniculate neu-
ralgia. He had some balance disorders in the form of a 
drunken feeling with a slight deviation to the right. Tinni-
tus matching demonstrated that the tinnitus was centered 
at 4000 Hz, 10 dB above the hearing threshold, and was 
associated with high-pitched hearing loss. On his tinnitus 
questionnaire (TQ),19 the patient scored 68, that is, Grade 
4, psychologically decompensated tinnitus. His Hospital 
Anxiety Depression Scale (HADS) scores were 13 each 
for anxiety and depression.

Brain CT was unremarkable, and MRI showed multi-
ple white matter lesions, which may or may not have been 
related to the patient’s symptoms.32 Resting state source-
localized standardized low-resolution electromagnetic to-
mography (sLORETA)35 EEG was performed to visualize 
abnormal brain activity, which could be used as a target 
for noninvasive neuromodulation. Treatment with flupen-
tixol plus melitracen (Deanxit) and clonazepam29 did not 
benefit the patient, nor did cyclobenzaprine,52 naltrexone,45 
or acamprosate.1 A small improvement on the right side 
was noted by wearing a combination hearing aid and noise 
masker to a score of 8/10 for loudness but 10/10 for dis-
tress on an NRS.

Since the patient’s tinnitus was intractable, neuro-

Fig. 1. upper: Case 1. Audiometry results showing bilateral high-frequency hearing loss, that is, presbycusis, normal for the 
patient’s age.  lower: Case 2. Audiometry results demonstrating limited high-frequency hearing loss, which can be considered 
normal hearing for the patient’s age. Gray line represents normal hearing for the patient’s age group; solid line, air conduction; 
dashed line, bone conduction. Right side (left graph), left side (right graph).
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modulation trials were proposed, consisting of TMS of 
the auditory cortex,18 bifrontal transcranial direct current 
stimulation (tDCS) of the dorsolateral prefrontal cortex 
(DLPFC),49 and transcutaneous electrical nerve stimula-
tion (TENS) of the C-2 nerve.55 None of these approaches 
yielded any benefit for the patient.

Therefore, fMRI was performed according to a pro-
tocol previously described4,41 but adjusted to the patient’s 
tinnitus-matched frequency.12 Pathological blood oxygen 
level–dependent (BOLD) activation could then be used as 
a target for neuromodulation using a neuronavigation sys-
tem.4,14 Pathological activity was indicated by the BOLD 
activation elicited by a 4000-Hz sound presentation (the 
patient’s tinnitus frequency) and not by a control frequen-
cy (1000 Hz; Fig. 2 upper).

Transcranial magnetic stimulation at 1 Hz and an in-
tensity of 90% of the motor threshold directed to a BOLD 
fMRI activation area at the right DLPFC yielded a tran-
sient 50% decrease in subjectively perceived tinnitus 
loudness on the right, but not on the left, whereas placebo 
TMS had no effect. This result was confirmed by placebo-
controlled burst rTMS of the right DLPFC at 50% of the 
machine output. Transcranial magnetic stimulation at the 
ventrolateral PFC at 10 Hz yielded no beneficial effect, 
whereas 1-Hz TMS of the right angular gyrus (Brodmann 
area [BA]39) only improved the tinnitus by 1 point on the 
NRS. Results were not further improved by adding tDCS 
to the TMS. Because TMS of the right DLPFC yielded 
the best transient response, 10 sessions (daily for 2 weeks) 
of rTMS targeting the right DLPFC were performed. Un-
fortunately, this had only a transient and marginal effect. 
For a period of 2 weeks, it improved the patient’s tinnitus 
loudness on the right from 8/10 to 5/10, but his left-sided 
tinnitus remained at 10/10; his distress improved from 9/10 
to 7/10 on an NRS. However, questionnaires evaluating his 
mood and distress remained unaltered: the TQ changed 
from 68 to 67, and his HADS scores changed from 13 to 
12 for anxiety and from 13 to 11 for depression.

Since part of the anterior cingulate gyrus in the patient 
showed BOLD activation as well, TMS at 5 Hz with the 

double-cone coil was performed in both tonic and burst 
mode. In the tonic mode at 1 Hz, the tinnitus improved to 
5/10 on the right and 7/10 on the left; at 5 Hz, it improved 
to 2/10 on the right and 6/10 on the left; and at 10 Hz, it 
improved to 3/10 on the right and 6/10 on the left. With 
theta-burst TMS at 5 Hz, the tinnitus was reduced to 2/10 
on the right and 5/10 on the left. Placebo TMS did not 
yield any benefit. Transcranial magnetic stimulation with 
the double-cone coils was repeated, and similar transient 
improvements were obtained. Therefore, rTMS consisting 
of 10 sessions (daily for 2 weeks) was proposed. Unfor-
tunately, this did not result in long-lasting improvement. 
As the double-cone TMS targeting of the dACC resulted 
in better tinnitus suppression than the DLPFC TMS, the 
dACC was selected for implantation (the DLPFC has been 
previously targeted for tinnitus suppression14).

Operation
We performed an open neurosurgical approach consist-

ing of a small right-sided frontal craniotomy for a trans-
falcine approach, inserting 2 electrodes for bilateral dACC 
stimulation. After the induction of anesthesia, intubation, 
and ventilation, the patient was fixed in a Mayfield head-
rest in a supine position, his neck slightly flexed with 0° 
rotation. After the registration of preoperatively admin-
istered skin fiducial markers for neuronavigation with 
the Stealth frameless stereotactic system, the patient’s 
head was disinfected and draped in a sterile fashion. A 
laterolateral frontal incision was made within the hairline 
crossing the midline, followed by a 4 × 4–cm right fron-
tal craniotomy crossing the superior sagittal sinus. Subse-
quently, the dura mater was incised in a U-shaped fashion 
and was reflected across the midline. This was followed 
by a neuronavigated approach between the right frontal 
lobe and the falx (Fig. 3). Once the target was localized, 
the falx was incised and 2 Lamitrode 44 electrodes (St. 
Jude Medical, Neurodivision) were sutured back to back 
and inserted, with the fMRI BOLD activity as the target 
(Fig. 2 upper). The electrodes were sutured to the falx, the 
operative site was thoroughly rinsed, the dura was closed 
in a primary fashion, and the bone was repositioned and 
fixed. The skin was closed, and the patient was removed 
from the headrest and woken up from the anesthesia.

Postoperative Course
On the 1st postoperative day, the electrodes were ac-

tivated in the 6-Hz tonic mode. The electrode pole con-
figuration was +-+-+-+- (that is, alternating anodes and 
cathodes) to generate a large stimulation field. On the 2nd 
postoperative day, the patient was discharged. The 6 Hz 
was selected as a frequency similar to the one (5 Hz) that 
yielded the best results with TMS.

After 1 week the patient was evaluated, and his clinical 
state was dramatically improved. All measures were basi-
cally halved in severity. Distress was reduced from 9/10 
to 5/10, or from Grade 4 (very severe tinnitus, psychologi-
cally decompensated) to Grade 2 tinnitus (moderate). His 
subjective loudness perception was decreased from 10/10 
to 5/10 in the right ear and from 8/10 to 4/10 in the left 
ear. Moreover, the percentage of time that the tinnitus was 
dominantly present was halved from 100% to 50%. After 

Fig. 2. upper: Case 1. Functional MR images demonstrate a BOLD sig-
nal at the dACC evoked by a tinnitus-matched frequency presentation in 
the scanner. lower: Case 2. A small BOLD activation in the rostral and 
dorsal anterior cingulate cortex evoked by a tinnitus-matched frequency 
presentation in the scanner. Figure is available in color online only.
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4 weeks, his stimulation design was altered to verify if 
further improvement could be obtained. A recently devel-
oped stimulation design consisting of a 6-Hz burst mode, 
5 spikes at a 500-Hz spike mode, and a 1000-μsec pulse 
width at 1.4 mA15,16 was used in an attempt to improve 
his clinical picture. Burst stimulation was provided by an 
Eon implantable pulse generator (St. Jude Medical, Neu-
rodivision) programmed with a custom-made device. And 
indeed, his distress was further reduced to 3/10, remaining 
moderate; his subjectively perceived loudness was further 
reduced to 3/10 on the left (his worst ear) and remained at 
4/10 on the right; and his anxiety and depression scores 
improved from 13 to 6 and from 13 to 8, respectively.

Other burst frequencies were also tested: 2, 4, 8, and 10 
Hz, but the 6-Hz burst mode remained clinically superior 
and was therefore maintained. The patient’s beneficial ef-
fect has remained for 2 years.

case 2
History and Examination

A 63-year-old woman presented to the multidisciplinary 
Tinnitus Research Initiative Clinic at the BRAI2N Neuro-
modulation Center at Antwerp University, Belgium. She 
suffered from left-sided tinnitus, which had developed 6 
years prior to the consultation. The tinnitus was perceived 

as a narrow band noise, was scored 10/10 for both loud-
ness and distress on an NRS, and increased on fatigue and 
stress as well as with noise exposure. She also suffered 
from dizziness, sometimes associated with vomiting. She 
denied having headaches and had no signs of somatosen-
sory modulation of her tinnitus. She experienced no overt 
or covert hemifacial spasms or geniculate neuralgia.

Tinnitus matching demonstrated that the tinnitus was 
centered around 5000 Hz, 15 dB above the hearing thresh-
old, and was associated with high-pitched hearing loss 
(Fig. 1 lower). On her TQ,19 she scored 71, that is, Grade 
4, psychologically decompensated tinnitus. Her HADS 
scores for anxiety and depression were 15 and 13, respec-
tively.

Brain CT and MRI were unremarkable. Resting state 
source-localized sLORETA EEG was performed to visu-
alize abnormal brain activity, which could be used as a 
target for noninvasive neuromodulation.

She had taken citalopram, flupentixol plus melitracen, 
valproic acid, quetiapine, lorazepam, trazodone, and ranit-
idine, all to no avail. At an earlier stage she had undergone 
a right-sided intradural subtemporal implant targeting the 
hippocampal area without success (Fig. 2 lower).13

Since her tinnitus was intractable, neuromodulation tri-
als were proposed, consisting of TMS of the right auditory 
cortex in the 1-, 3-, 5-, and 10-Hz tonic mode18 as well as in 

Fig. 3. Case 1.  upper: Implant of back-to-back electrode on the dACC and supplementary motor area.  lower: Implant on dACC 
and pregenual ACC with back-to-back leads for bilateral cingulate stimulation. Figure is available in color online only.

J Neurosurg  Volume 124 • April 2016896

Unauthenticated | Downloaded 05/23/23 11:18 PM UTC



anterior cingulate implants for tinnitus

the theta-, alpha-, and beta-burst mode.7,8 Bifrontal tDCS49 
and TENS of the C-2 nerve at different frequencies did not 
bring any benefit.55

Because of the treatment failure, fMRI was requested 
according to a protocol previously described4,41 but ad-
justed to the patient’s tinnitus-matched frequency.12 Patho-
logical BOLD activation could then be used as a target for 
neuromodulation using a neuronavigation system.4,14 Path-
ological activity was indicated by the BOLD activation 
elicited by a 5000-Hz sound presentation (the patient’s 
tinnitus frequency inside the scanner) and not by a control 
frequency (1000 Hz).

Transcranial magnetic stimulation at 1 and 10 Hz and 
an intensity of 90% of the motor threshold directed to a 
BOLD fMRI activation area at the right DLPFC, BA39 
left, BA39 right, BA40, and the auditory cortex yielded no 
improvement whatsoever, and neither did placebo TMS. 
The same areas (BA39, BA40, DLPFC) were targeted by 
bilateral tDCS and transcranial alternating current stimu-
lation (tACS) to no avail. The TQ score changed from 71 
to 72, and her HADS scores changed from 15 to 14 for 
anxiety and from 13 to 12 for depression.

Neurofeedback using sLORETA was offered, training 
gamma down and alpha up in the parahippocampal area. 
After 5 sessions the patient had no benefit.

Ultimately, after the failed subdural implant targeting 
the hippocampal area, 3 sessions of rTMS with a double-
cone coil were performed, targeting the dACC at 1, 3, and 
5 Hz. They did not yield any benefit either. The only neu-
romodulation session that improved the tinnitus entailed 
a tDCS session with the cathode over the left cerebellum 
and the anode on the right shoulder. This reduced the tin-
nitus loudness from 10/10 to 7/10 and distress from 10/10 
to 8/10. This effect lasted for 1 hour.

Implantation
A successful outcome for implants on the auditory cor-

tex is not correlated with successful TMS.9,12 Thus, it is 
possible that the same holds true for the ACC. In other 
words, as there are no data demonstrating that TMS can 
predict outcome in implanted electrodes in tinnitus, the 
option of an implant on the ACC was still considered in 
view of the beneficial effects in the first patient. 

Therefore, a bilateral dACC as well as a pregenual 
ACC implant was proposed, using the same technique as 
described above. The pregenual electrodes were added be-
cause the pregenual ACC is part of the noise-cancelling 
mechanism.13 But with neither tonic nor burst stimulation 
at different frequencies could any benefit be obtained in a 
systematic way.

Postimplantation Course
Two years after the implantation, the electrodes were 

removed due to possible infection. The tinnitus has re-
mained unchanged.

connectivity changes between cases 1 and 2
Electroencephalography recordings were obtained in 

a fully lit room with the patient (Cases 1 and 2) sitting 
upright on a small but comfortable chair. The actual re-

cording lasted approximately 5 minutes. The EEG was 
sampled with 19 electrodes (Fp1, Fp2, F7, F3, Fz, F4, 
F8, T7, C3, Cz, C4, T8, P7, P3, Pz, P4, P8, O1, O2) in the 
standard International 10–20 placement system referenc-
ing linked ears, and impedances were checked to remain 
below 5 kW. Data were collected with the patient’s eyes 
closed (sampling rate 1024 Hz, band pass 0.15–200 Hz). 
Data were resampled to 128 Hz, band-pass filtered (fast 
Fourier transform filter) to 2–44 Hz, subsequently trans-
posed into Eureka! Software (NovaTech EEG, Inc.), plot-
ted, and carefully inspected for manual artifact rejection. 
All episodic artifacts were removed from the stream of the 
EEG. Average Fourier cross-spectral matrices were com-
puted for bands delta (2–3.5 Hz), theta (4–7.5 Hz), alpha 
(8–12 Hz), beta (13–30 Hz), and gamma (30.5–45 Hz).

We used a normative database of 20 healthy subjects 
to compare with the 2 tinnitus patients. Exclusion criteria 
were known psychiatric or neurological illness, psychi-
atric history, drug/alcohol abuse in a participant or any 
relative, current psychotropic/CNS active medications, 
history of head injury (with loss of consciousness) or sei-
zures, headache, and physical disability. About 3–5 min-
utes of EEG activity was continuously recorded while the 
participant, with eyes closed, sat on a comfortable chair 
in a quiet and dimly lit room. Electroencephalography 
data were acquired at the 19 standard leads prescribed by 
the International 10–20 system (Fp1, Fp2, F7, F3, Fz, F4, 
F8, T3, C3, Cz, C4, T4, T5, P3, Pz, P4, T6, O1, O2) using 
both earlobes as reference and enabling a 60-Hz notch fil-
ter to suppress power line contamination. The resistance 
of all electrodes was kept below 5 kW. We removed all 
biological, instrumental, environmental, and stimulation 
artifacts, paying particular attention to biological artifacts 
generated by the eyes, the heart, and the muscles of the 
neck, face, and jaw via independent component analysis 
followed by visual inspection on a high-resolution screen, 
and epochs containing visible artifacts were marked and 
ignored for ensuing analysis.

Standardized LORETA was used to estimate the intra-
cerebral electrical sources that generated the scalp-record-
ed activity in each of the 7 frequency bands. Standardized 
LORETA computes electric neuronal activity as current 
density (A/m2) without assuming a predefined number of 
active sources. The sLORETA solution space consists of 
6239 voxels (voxel size 5 × 5 × 5 mm) and is restricted 
to cortical gray matter and hippocampi, as defined by the 
digitized Montreal Neurological Institute probability at-
las. To reduce confounds that have no regional specificity, 
such as total power intersubject variability, a global nor-
malization of the sLORETA images was performed prior 
to statistical analyses.

Statistical dependence can be estimated by measuring 
correlation or covariance, spectral coherence, or phase 
locking. Functional connectivity is often calculated be-
tween all elements of a system, regardless of whether these 
elements are connected by direct structural links. Unlike 
structural connectivity, functional connectivity is highly 
time dependent. Statistical patterns between neuronal ele-
ments fluctuate on multiple time scales, some as short as 
10s or 100s of msec. It should be noted that functional con-
nectivity does not make any explicit reference to specific 
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directional effects or to an underlying structural model. 
Coherence and phase synchronization between time series 
corresponding to different spatial locations are usually in-
terpreted as indicators of the “connectivity.” However, any 
measure of dependence is highly contaminated with an 
instantaneous, nonphysiological contribution due to vol-
ume conduction.34 However, Pascual-Marqui33 introduced 
a new technique (that is, Hermitian covariance matrices) 
that removes this confounding factor. As such, this mea-
sure of dependence can be applied to any number of brain 
areas jointly, that is, distributed cortical networks, whose 
activity can be estimated with sLORETA. Measures of 
linear dependence (coherence) between the multivariate 
time series are defined. The measures are expressed as the 
sum of lagged dependence and instantaneous dependence. 
The measures are nonnegative, take the value 0 only when 
there is independence, and are defined in the frequency do-
main. Based on this principle, lagged linear connectivity 
was calculated. Regions of interest were defined based on 
previous brain research on tinnitus including the dACC, 
sgACC, pregenual ACC, parahippocampus, and auditory 
cortex.

A comparison between Cases 1 and 2 on EEG revealed 
some interesting results. The patient who responded to the 
dACC implant (Case 1) had increased alpha functional 
connectivity between the parahippocampal area and the 
sgACC in comparison with healthy controls (Fig. 4 left). 
The nonresponder (Case 2) had decreased functional con-
nectivity between these areas in comparison with healthy 
controls (Fig. 4 right).

To have a better understanding of how the tinnitus net-
work is involved for both, we looked at the connectivity 
among the dACC, pregenual ACC, parahippocampus, and 
auditory cortex. The patient who responded to treatment 
was characterized by increased functional connectiv-
ity in a network that encompasses the dACC, pregenual 
ACC, parahippocampal area, and auditory cortex, all ar-
eas involved in the tinnitus network in comparison with 
healthy controls for the alpha and beta frequency bands. 
The opposite was true for the nonresponder, in whom we 
noticed a decrease in connectivity within the tinnitus net-

work in comparison with healthy controls for the alpha 
and beta frequency bands. A direct comparison between 
the responder and nonresponder demonstrated increased 
connectivity among the dACC, pregenual ACC, parahip-
pocampal area, and auditory cortex for the responder for 
the alpha and beta frequency bands (Fig. 5).

discussion
Tinnitus is clinically assessed by quantifying its loud-

ness and the impact tinnitus has on daily living, for ex-
ample, by measuring tinnitus-related distress and mood 
changes.23 Whereas subjectively perceived loudness as 
measured by a visual analog scale or NRS seems to be 
related to auditory cortex gamma band activity,44 the pres-
ence of distress, as measured with questionnaires, is re-
lated to increased activity in the dACC and insula.10,43,50,56 
However, the amount of distress is dependent on alpha ac-
tivity in the parahippocampal area extending via the hip-
pocampus to the amygdala to the sgACC, especially by 

Fig. 4. left: A comparison between the responder (Case 1) and healthy 
controls for high alpha frequency between the parahippocampus and 
the sgACC demonstrates that the responder has increased alpha func-
tional connectivity between the sgACC and parahippocampal area (red 
line), known to be related to high distress.46 right: A comparison be-
tween the nonresponder (Case 2) and healthy controls demonstrates a 
decrease in high alpha connectivity between the parahippocampus and 
the sgACC (blue line). Figure is available in color online only.

Fig. 5. A comparison between the responder and nonresponder (a) 
and the responder versus healthy controls (b) and the nonresponder 
versus healthy controls (c). The responder to the double-cone TMS and 
ACC implant has more functional connections between a putative tin-
nitus network17 and the target of neuromodulation (dACC) than the non-
responder and the healthy control group. In contrast, the nonresponder 
has fewer functional connections between the tinnitus network and the 
dACC than the responder and the healthy control group. Figure is avail-
able in color online only.

J Neurosurg  Volume 124 • April 2016898

Unauthenticated | Downloaded 05/23/23 11:18 PM UTC



anterior cingulate implants for tinnitus

functional connection at a discrete frequency (10 Hz for 
Grade 3 and 11.5 Hz for Grade 4) between the parahippo-
campal area and the sgACC.46 These connectivity changes 
are confirmed on the pretreatment source-localized EEGs 
in this study, but there is a very striking difference be-
tween the 2 patients. Although the patient who responded 
to the dACC implant (Case 1) has the previously described 
increased alpha functional connectivity between the para-
hippocampal area and the sgACC, the nonresponder (Case 
2) has decreased functional connectivity between these ar-
eas, even though both patients presented with very severe 
tinnitus.

The most salient findings from this report of 2 cases are 
that dACC stimulation does not work in every tinnitus pa-
tient who is highly distressed and that pretreatment EEG 
functional connectivity and rTMS with a double-cone coil 
could be predictive of the implant’s success. Indeed, the 
dACC implant was highly successful in the patient who 
responded well to the double-cone coil TMS, whereas the 
patient who did not have any amelioration from the dou-
ble-cone coil TMS targeting of the dACC did not benefit 
from the implant either.

Furthermore, the patient who responded to rTMS was 
characterized by increased functional connectivity in a 
network that encompasses the dACC, pregenual ACC, 
parahippocampal area, and auditory cortex, all areas in-
volved in the tinnitus network5,17,57 and known to be altered 
by tinnitus improvement49 or worsening.58 The patient who 
did not respond demonstrated markedly decreased func-
tional connectivity in this network. This is reminiscent of 
what has been demonstrated in auditory cortex stimulation 
via implanted electrodes. The success of stimulation also 
depends on the presence of good functional connectiv-
ity between the auditory cortex (where the electrode was 
placed) and the parahippocampal gyrus,9 which has been 
considered a critical hub in the tinnitus network, as it is 
involved in tinnitus in general27,42,57 and in tinnitus lateral-
ization more specifically,47 as well as in tinnitus distress37,46 
and tinnitus-related depression.21

Whereas these are only case reports, our results suggest 
that it is worthwhile to further explore this avenue of neu-
romodulation for tinnitus in severely distressed patients 
and that a biomarker consisting of EEG functional con-
nectivity and/or rTMS might become important in select-
ing the right patient for this technique. If indeed a larger 
study provides evidence that EEG functional connectivity 
and TMS can predict who will and will not respond to an 
implant in the dACC, the approach used here is elegant 
in that any neurosurgeon can perform it. No experience 
in deep brain surgery with stereotactic frames is required, 
and the duration of the surgery is approximately 1 hour. 
Although a neuronavigation system might be helpful, any 
neurosurgeon could retrieve the dACC based on anatomi-
cal knowledge and visual landmarks.

Furthermore, it would be of interest to see whether the 
combination of EEG functional connectivity and TMS 
would be predictive in other treatments targeting the ante-
rior cingulate gyrus, such as depression,28 pain,2 anorexia 
nervosa,25 or addiction (unpublished data, 2015).

The results also show that the beneficial effect seems 
to remain stable in time, suggesting that for intractable 

severely distressing tinnitus, dACC stimulation via direct 
implantation of paddle electrodes is worth further inves-
tigation and that burst pattern stimulation might be better 
than tonic stimulation for maintaining stable results.
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