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Abstract
Background: Pain and pain-related diseases pose a major treatment challenge. Current medical
treatments frequently provide inadequate pain control to patients, or cause dependence and
other unwanted side-effects. Despite initial failures of open-label trials to show efficacy in the
use of deep brain stimulation (DBS) for pain, several groups have reported utility of this
modality on carefully selected patients. There are several characterized pain pathways in
operation in the human brain. A common theme to the pathways thus far identified is their
dependence on the neurotransmitter serotonin for modulation of pain. Deep brain stimulation
for pain may well activate one of the serotonin-dependent pathways to stimulate relief. Greater
experience, and improvements in both technology and patient selection, has paved the way for
the potential use of electrical stimulation of subcortical structures to manage intractable and
nociceptive pain syndromes and also for the mechanistic study of the pathways involved in the
symptomatic relief of pain caused by stimulation.

Methods: We preoperatively loaded four patients with 4 grams of L-tryptophan, and implanted
DBS electrodes in the periaqueductal gray (PAG).

Results: Upon loading the patients with 4 grams of L-tryptophan two weeks preoperatively and
the continual use of tryptophan at doses greater than 2.5 grams, we note a significant
improvement in the pain symptoms of all of our patients implanted at the PAG. Upon decrease
in L-tryptophan dose below 2.5 grams, every patient experienced return of their pain symptoms
despite PAG stimulation. The average length of followup is 9.75 months with a range of three
to 14.

Conclusions: Tryptophan loading of the patient prior to PAG electrode placement, and the
continued use of tryptophan postoperatively correlates with better outcomes and more
significant pain reduction. Tryptophan probably increases serotonin levels and results in
activation of anti-nociceptive pain pathways at the PAG.
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In the United States alone, an estimated 50 million people suffer from chronic pain. Although
some pain is responsive to medication, other types of pain are refractory to most common
modalities available. Recent advances in deep brain stimulation technology have paved the way
for the use of electrical stimulation of cerebral and subcortical nuclei to manage intractable
and nociceptive pain syndromes.

The use of electrical stimulation for the treatment of pain has a history of nearly half a century,
with the introduction of the technique by Heath [1-2] and Pool [3] who reported its efficacy in
the treatment of patients with cancer and psychiatric conditions. With the advancement of
deep brain stimulation in the 1970s, several groups improved the technique by stimulating
known targets in the thalamus and internal capsule [4-9]. Further refinement of targets resulted
in the stimulation of the PAG/periventricular gray matter (PVG) [10-13] with reproducible and
acceptable results. Targeting of the PAG/PVG, with its limited side-effect profile and beneficial
patient outcome in some patients, resulted in its continued targeting throughout the next two
decades for the treatment of chronic refractory pain [4, 7, 12, 14].

The resurge of interest in the 1990s for the treatment of movement disorders using electrical
stimulation resulted in two open-labeled multicenter studies for the use of DBS for pain
treatment [15]. These studies failed to show great efficacy of the DBS technology for pain and
resulted in the company's abandonment of FDA approval for this modality. Since these studies,
several groups have reported small series using DBS for chronic pain [16-19] with benefits
suggesting that better patient selection and use of other targets may result in improved
outcomes relative to those observed in the trials. Still, other factors may influence patient
response to DBS for pain. From the personal experience of the senior author (G.H.), loading
patients with 4 grams of L-tryptophan two weeks prior to surgery, and its continual use after
surgery, correlates with an excellent response to PAG stimulation for pain. As it relates to deep
brain stimulation, Hosobuchi was one of the first to use a similar dose of tryptophan in his
patients to prevent the possibility that a limited response to morphine in his infusion trials
were the result of tolerance to the analgesic effect of morphine [20]. Indeed, given that
tryptophan is the precursor for the neurotransmitter serotonin, others have attempted its use
as a stand-alone therapy in the past [20-22]. While the role of serotonin in pain pathways is well
established, its concomitant use with DBS targeting of PAG is not well-reported nor
understood.

Herein, we report our experience with four patients (Table 1) who were implanted with DBS
electrodes at the PAG for nociceptive pain. All patients were loaded with oral L-tryptophan two
weeks preoperatively using a dose escalation method consisting of a starting dose of 1 gram
and increases of 1 gram every five days as tolerated. The dose of tryptophan was chosen based
on doses used by Hosobuchi in the early 1970s [20] and on minimizing the unwanted side-
effects of tryptophan, such as flushing, diarrhea and somnolence. We did not attempt to
measure serum serotonin concentrations, nor did we use other formulations of tryptophan in
our patients. All PAG electrodes were stereotactically implanted at the same location, 2-3 mm
lateral from the wall of the aqueduct and 2-3 mm inferior to the posterior commissure, in each
patient using fused MRI CT imaging. Positive contrast ventriculography was used for
intraoperative navigation to assess the accuracy of lead placement (+/-500 micrometers). In
some patients, a VcPc electrode was also placed in the appropriate somatotopic region of VcPC
for a pain syndrome with associated stimulation-induced paraesthesias. Procedures were done
under local MAC anesthesia. The PAG target was implanted unilaterally and usually on the
contralateral side with typical stimulation parameters of 20-70 ms pulse, with a distal cathode
and a proximal cathode combination at 30-40 hertz. No adverse events were associated with
intraoperative stimulation and all electrodes were left in situ. Postoperatively, patients were
instructed to decrease the tryptophan until stimulation-induced analgesia failed and their pain
returned.
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Age Sex Pain Failed Trials DBS
Target Improvement

53 M Throat topiramate and lamotrigine PAG 70% reduction in
methadone dose

29 M CRPS
II

duloxetine, pregabalin, gabapentin, lidocaine patches, anti-
depressants, ES sympathetic nerve block, spinal cord stimulator

PAG,
VcPc

50% reduction in
pain

46 M Facial lidocaine infusions, multiple glycerol rhizotomies, motor cortex
stimulator PAG near complete

reduction in pain

57 M Facial rhizotomy PAG 70% reduction in
pain  

TABLE 1:
Summary of the four patients presented in this report, including their age, sex, pain syndrome, failed medical and surgical trials,
DBS target implanted and a measure of post-operative improvement.

Case Presentation
Case 1 
The patient is a 53-year-old man with a long-term history of throat pain secondary to radiation
treatment for squamous cell carcinoma of pharynx. The patient reports that he began
experiencing pain symptoms immediately following external beam radiation and that his pain
was exacerbated by brachytherapy. The pain centered over the right mesial fossa of the
sternocleidomastoid muscle. The pain was described as sharp and stabbing, with a burning
quality that radiates from the upper neck through the mandible, to the anterior and posterior
pinna, and up to the C1 distribution of the right scalp. He reported exacerbations caused by
swallowing, movement and talking. The patient had tried and failed topiramate, phenytoin and
lamictal trials. He was subsequently switched to carbamazepine and methadone with moderate
pain control but significant cognitive disturbances. Prior to surgical evaluation, the patient's
analgesic medications included: methadone 30 mg, P.O. in the morning, 20 mg, P.O. at noon,
and 30 mg, P.O. in the evening; carbamazepine X.R. 400 mg, p.o. twice daily; venlafaxine S.R.
75 mg, S.A. twice daily; nortriptyline, and hydrocodone as needed.

On physical exam, the patient had hyperpathia above his pinna in the C1-C2 distribution,
making it impossible to touch his hair. All forms of sensory stimulation, inclusive of light
touch, temperature and vibration, produced uncomforting and dysesthetic feeling from vertex
down to the sternocleidomastoid. The exam of the posterior of the neck was unremarkable. V1,
V2 and V3 were normal, with the exception of base of mandible where he had dysesthetic
sensations.

The patient was diagnosed as having radiation neuritis of the ansa cervicalis secondary, and
patient was referred to our center for a trial of PAG and VcPc DBS using a Medtronic 3389 and
3387 electrodes, respectively. Postoperative stimulation parameters for the PAG was 0 negative,
1 positive, rate 20/sec, pulse width 120 microsec, amplitude 3.0V and VcPc was 0 negative, 1
positive, rate 180, pulse width 120, amplitude 3.0V. On postoperative day one, the patient
complained of frontal headache pain, but was otherwise pain-free. On the evening of
postoperative day one, the VcPc stimulator was turned off due to lack of benefit for the patient
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from the stimulation paraesthesia. His PAG electrode was increased to 4.5 volts. On
postoperative day two, the patient reported no facial pain with the PAG stimulator and on
postoperative day seven, an IPG was implanted and the VcPc DBS electrode explanted. While on
4 grams of oral L-tryptophan daily, the patient experienced a 70% reduction in his methadone
dose. Upon decreasing of the dose to below 2.5 grams L-tryptophan, the patient reported return
of previous pain symptoms prior to the PAG DBS implant and restoration of his stimulation
analgesia with an increase of his tryptophan dose to 3.5 grams. During the period of failure,
attempts were made to re-program the DBS with no success in pain relief. The length of follow-
up for this patient is 10 months and ongoing.

Case 2
The patient is a 29-year-old male who suffered a left posterior cruciate ligament (PCL) tear in
2006 and subsequent intraoperative accidental severing of the left peroneal nerve, resulting in
acute and profound foot drop with severe burning pain in the peroneal nerve distribution on
the dorsum of the left foot radiating up into the ankle. The patient had tried several trials of
medical management, including duloxetine, pregabalin, gabapentin, lidocaine patches, anti-
depressants, and one electrosurgical (ES) sympathetic nerve block with minimal benefit. A trial
of a spinal cord stimulator resulted in incomplete coverage of the pain symptoms and loss of
stimulation efficacy over time.

The patient's preoperative analgesic medications include: hydromorphone 2 mg, P.O., every 4
hours; oxycodone / acetaminophen 5/325 mg, P.O., every four hours.

The patient was diagnosed as having Complex Regional Pain Syndrome Type II (CRPS II)
secondary to peroneal nerve damage. After stereotactic implantation of the VcPc and PAG sites
with Medtronic 3387 and 3389 electrodes, respectively, the PAG-DBS was activated at 0
negative, 1 positive, rate 30, pulse width 120, amplitude 4.0 and VcPc site stimulated at 0
positive, 1 negative, 2 negative, rate 70, pulse width 250, amplitude 2.8. On postoperative day
one, the patient reported being pain-free. Although he derived some pain relief from the VcPc,
he also noted that the PAG stimulation produced added benefit and insisted on both being
internalized. Postoperative day six, the patient had his system internalized with separate IPGs
to allow for the different stimulation frequencies of the two sites as listed above. Again, while
on 4 grams of oral L-tryptophan daily, the patient experienced a 50% reduction in pain. Upon
decreasing of the dose to below 2.5 grams L-tryptophan, the patient reported return of previous
pain symptoms with the DBS functioning. During the period of failure, attempts were made to
re-program the DBS with no success in pain relief. The length of follow-up for this patient is
three months.

Case 3 
The patient is a 46-year-old man with facial pain, post-resection of a right parotid gland mixed
tumor. Three months after his surgery, the patient began to experience right facial pain
starting at the edge of his eye and radiating down to his chin. The pain remained refractory to a
second resection done for scar tissue and neuroma removal. The patient subsequently tried and
failed stereotactic radiosurgical ablation. He had tried multiple trials of medical management,
including lidocaine infusions and multiple glycerol rhizotomies. Following minimal benefit of
medical treatment, the patient underwent a motor cortex stimulator implantation at our center.
While on the motor stimulator (at voltages of 4-4.5), the patient experienced Jacksonian
seizures. The episode of seizures were followed by discontinuation of the stimulator, initiation
of medical therapy for his newly diagnosed seizure disorder, and the restarting of the
stimulator. Unfortunately, at voltages above 3.0, the patient had repeat Jacksonian seizures.
The device was interrogated, and amplitude reduced to 0.05V and left on (0-3 negative, 4-7
positive, rate 75, pulse width 450, amplitude 0.05).
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The patient's analgesic medications include: zolpidem CR 12.5 mg, P.O., at bed time;
Carbamazepine 900 mg, P.O. every morning, and 1200 mg, P.O. at dinner; lamotrigine 100 mg,
P.O., every morning and 200 mg, P.O. at dinner; and ativan 2 mg, P.O., with dinner.

The patient was diagnosed as having trigeminal neuropathy secondary to the resection of the
parotid tumor and irradiation. Given the patient's complicated treatment history, and due to
the non-opiate responsiveness of his pain, he elected to undergo PAG stimulation. A 3389 DBS
electrodes were placed at the PAG at 0 negative, 1 positive, rate 40, pulse width 120, amplitude
6.5V. On postoperative day one, the patient reported being pain-free. Once again, while on 4
grams of L-tryptophan, the patient experienced a near complete reduction in pain. Upon
decreasing of the dose to below 2.5 grams L-tryptophan, the patient reported return of previous
pain symptoms with the DBS in place. During the period of failure, attempts were made to re-
program the DBS with no success in pain relief. The length of follow-up for this patient is 14
months.

Case 4 
The patient is a 57-year-old man with left facial pain secondary to sinus surgery in 1987. The
patient describes the pain as numbness and burning over his left V1 as well as V1 dermatomes.
Following the failure of medical treatment, the patient underwent rhizotomies with onset of
left anesthesia dolorosa. After this procedure, the patient had implantation of a Gasserian
stimulator and an implantable pulse generator (1995) with some benefit with the pain. Shortly
after the insertion of the Gasserian stimulator, the stimulator became infected, necessitating its
removal, and he was subsequently implanted with a right motor cortex stimulator by the senior
author in 2005. He escaped motor cortex stimulation in 2007 and went on to a DBS trial. The
patient's past medical history is significant for seasonal allergies, benign essential tremor of
upper extremities, chronic left facial pain, anesthesia dolorosa, and hyperlipidemia.

The patient's medications include: clonidine 0.2 mg, P.O., four times a day; baclofen 20 mg,
P.O., three times a day; gabapentin 600 mg, P.O., four times a day; levetiracetam 750 mg, P.O.,
daily; klonopin 1 mg, P.O., twice a day; Levo-Dromoran 4 mg, P.O., four times a day; and
tryptophan 4 mg daily.

The patient was diagnosed as having trigeminal neuropathy secondary to his sinus surgery. DBS
electrodes were placed at the PAG at 0 negative, 1 positive, rate 25, pulse width 100, amplitude
1.6. On postoperative day one, the patient reported being pain-free. Once again, while on 4
grams of oral L-tryptophan daily, the patient experienced a 70% reduction in his pain
symptoms. Postoperatively, the patient complained of somnolence while taking 4 grams of oral
L-tryptophan daily. As a result, the dose was reduced to 3 grams with immediate return of the
pain symptoms. Subsequently, the patient was switched to 4 mg of oral melatonin daily with
resolution of the pain. He is not using his motor cortex stimulator at this time. During the
period of failure, attempts were made to re-program the DBS with no success in pain relief. The
length of follow-up for this patient is 12 months.

Discussion
The PAG has been a target of DBS for intractable nociceptive pain for longer than three decades.
Although the exact mechanism of DBS and the neural circuits modulating pain at the PAG are
ill-defined, peripheral evidence suggest that pain alleviation is caused by local release of
endogenous endorphins via a serotonin-mediated pathway [23].

The circuitry of pain
There are three important pathways for the relay of painful stimuli in the spinal cord: 1) the
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spinothalamic tract which is the prominent pathway for the relay of pain in the spinal cord.
Stimuli arrive at the spinal cord via peripheral nerves and synapse in the dorsal horn, decussate
to the contralateral side, and travel rostrally [21]. These fibers terminate at the
ventroposterolateral nucleus (VPL) where they connect with the somatosensory cortex; 2) the
spinoreticular tract which is responsible for the motivational response to pain. Nociceptive or
slow pain fibers belonging to this tract terminate at the level of the reticular formation in the
pons and the medulla and then project to the intralamina of the thalamus, the hypothalamus,
the cingulate gyrus, and the limbic system [21]; and 3) the spinomesencephalic tract which
is responsible for affective pain, contains fibers that ascend to terminate in the superior
colliculus, PAG, and nucleus cuneiformis [21].

Periaqueductal gray (PAG) and pain
The role of the PAG in the spinomesencephalic pathway of pain is not well-understood.
Electrical stimulation of the PAG produces analgesia in several animal models [24-26] and
patients [10]. Experimental studies are inconclusive as to the exact pathways of analgesia.
Studies in rodents suggest that the PAG activates an inhibitory cascade via descending
serotonergic and noradrenergic pathways in the rostroventral medulla and pontine
noradrenergic nuclei, causing an ablation of the sensation of nociceptive pain [27]. Other
groups have suggested that an excitatory connection between the periaqueductal gray and the
nucleus raphe magnus (NRM) and that activation of this system can cause analgesia [28]. Still
others have shown that morphine administered to the periaqueductal gray is capable of
activating an ascending serotonergic pathway to release S-hydroxytryptamine in the nucleus
accumbens, which in turn activates an enkephalinergic mechanism within the same nucleus,
resulting in an anti-nociceptive effect [29].

What is common to all these studies is that signaling pathways involved in both opiate and
electrically-induced analgesia are serotonin-mediated. Peripherally, there is correlative,
necessary and sufficient evidence linking serotonin precursors and by-products in the PAG pain
circuitry: 1) Paraventricular thalamic nucleus of cynomolgus monkeys contain a high density of
axons immunoreactive for serotonin [30]. The anti-nociceptive effects resulting from electrical
stimulation the periaqueductal gray can be blocked by the administration of serotonin receptor
blockers in primates [22]. And in the case of humans, as our four cases illustrate, the addition
of serotonin to the pre- and postoperative regimen of the patient results in enhanced
alleviation of pain. We hypothesize, with much experimental evidence in support of our
hypothesis, that the loading of patients with tryptophan provides the body with an excess of
the starting material used for serotonin synthesis. The abundance of serotonin can activate the
aforementioned serotonin-dependent pathways and provide analgesia. Although we cannot
provide direct evidence that the L-tryptophan loading is directly influencing one of the
aforementioned pathways, there is strong evidence from other sources that we are modulating
the serotonergic circuit of pain using our loading regimen. 

Conclusions
Although DBS of PAG for pain has had a mixed history of success and failure, recent evidence
from small series suggest that it may be a viable option for select patients. Herein, we present
four cases of patients implanted at our institution with electrodes at the PAG for intractable
nociceptive pain. What is unique about our procedure, and we believe the key to the success in
our patients, is the pre- and postoperative loading of tryptophan. The increased serum
concentration of tryptophan, very likely, causes an increase in serum serotonin concentrations
and activation of one of the anti-nociceptive pathways described.

Additional Information
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