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 Historical Background

Rest tremor, bradykinesia, postural instability, 
and rigidity have remained the principle diagnos-
tic criteria for Parkinson disease (PD) since 
James Parkinson’s early description in 1817 [1]. 
Leriche performed the earliest known PD surgery 
in 1912—a bilateral posterior cervical rhizotomy 
for rigidity [2]. For the next several decades, sur-
geons began experimenting with lesioning the 
pyramidal tracts: motor cortectomy [3], midbrain 
pedunculotomy [4], cerebellar dentatectomy [5], 
anterolateral cordotomy [6], lateral pyramidal 
tractotomy [7], posterolateral chordotomy [8], 
sympathetic ramicotomy, and ganglionectomy 
[9]. After an inadvertent anterior choroidal artery 
occlusion during a midbrain pedunculotomy 
arrested a patient’s tremor without hemiplegia, 
Cooper went on to perform planned surgical liga-
tions of the anterior choroidal artery to alleviate 
tremor and rigidity. As expected due to the vari-
able distribution of the anterior choroidal artery, 

surgical results were less than predictable [10, 
11]. In 1939, Meyers performed the first surgery 
targeting the basal ganglia by ablating 2/3 of the 
caudate nucleus head to induce tremor cessation 
[12]. With the goal of identifying the optimal tar-
get, he subsequently designed a series of experi-
mental surgeries in the extrapyramidal structures, 
the internal capsule, and pallidofugal fibers using 
local anesthesia to be able to correlate incremen-
tal lesions with clinical response in real time. His 
systematic approach led him to conclude that 
pallidofugal targets were superior in reducing 
tremor and rigidity [13].

Spiegel and Wycis revolutionized functional 
neurosurgery in 1947 by introducing stereotactic 
equipment to enable accurate and reproducible 
lesions in deep brain structures. Numerous ste-
reotactic atlases were subsequently published 
using the intercommissural line to define the 
coordinate system [14]. Surgeons favored palli-
dotomy in parkinsonian patients and experi-
mented not only with novel stereotaxic methods 
but also with lesioning modalities during both 
open and closed surgeries—coagulation, chemi-
cals, ultrasound, and electrolysis [15–18]. 
Patients achieved greatest therapeutic benefit 
from lesions in the ventral and posterior regions 
of the globus pallidus interna [19]. After an acci-
dental thalamotomy serendipitously arrested 
tremor and supported by the meticulous neuro-
anatomical work by Hassler, pallidotomy fell out 
of favor even though it produced superior reduc-
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tions in rigidity and bradykinesia scores [20]. 
The next technical advance, microelectrode 
recordings, allowed electrophysiologists to rigor-
ously analyze the anatomic components integral 
to movement disorders and enabled surgeons to 
more precisely define thalamic borders in the 
operating room. With these methods, surgeons 
were able to identify the optimal thalamic target 
for tremor control: the ventral intermediate 
nucleus. However, these lesions provided little 
relief of akinesia and rigidity [21]. The subtha-
lamic region was also explored during this period 
as a method to interrupt pallidofugal and rubro-
thalamic fibers [22].

Although over 37,000 stereotactic neurosurgi-
cal operations had been performed for movement 
disorders predominately for PD, the introduction 
of levodopa led to a near-complete abandonment 
of neurosurgical interventions for PD [23]. 
Several factors accounted for the eventual resur-
gence of surgical management of the disease: 
levodopa’s diminished effectiveness over time, 
the development of medically refractory symp-
toms (flexed posture, freezing, loss of reflexes), 
and disabling side effects that significantly 
impaired quality of life (dyskinesias, motor fluc-
tuations, psychiatric conditions) [24]. Laitinen’s 
1992 landmark paper reintroduced posteroventral 
pallidotomy as an effective tool for managing 
advanced PD; his lesions produced excellent and 
durable reductions in tremor, rigidity, bradykine-
sia, and medication-induced dyskinesias with 
few side effects [25, 26]. Bilateral pallidotomies 
were trialed, and though patients experienced 
greater benefit than after unilateral operations, 
many reported greater risk of severe complica-
tions including dysarthria, gait disturbance, and 
swallowing difficulties [27]. Both unilateral and 
bilateral subthalamotomies were also revisited as 
lesioning targets in PD with improvements in all 
cardinal symptoms and reductions in levodopa- 
induced dyskinesias; however, improvements in 
tremor and dyskinesias seemed to be temporary 
and side effects more apparent [28, 29].

The introduction of deep brain stimulation 
(DBS) in the 1990s relegated lesioning to second- 
line therapy once again. The observation that 
high-frequency macrostimulation abolished 

tremor and predicted successful surgical outcome 
during thalamotomy served as the foundation for 
DBS technology. In DBS, the stimulation from a 
permanently implanted electrode was found to 
produce similar functional improvements as 
ablation and with an improved safety profile [30]. 
Lesioning became reserved for patients with con-
traindications to DBS, who did not achieve suf-
ficient improvement from DBS, or for whom the 
cost of DBS and associated medical follow-up 
would prove too burdensome [31].

Advances in neuroimaging have improved 
visualization of target nuclei and enabled the 
introduction of two noninvasive lesioning meth-
ods—Gamma Knife (GK) and MRI-guided 
focused ultrasound (MRgFUS). Although radio-
surgery’s delayed response and lack of real-time 
patient assessment for lesional effects make it 
less predictable than radiofrequency ablation, 
MRgFUS has shown promise in relieving parkin-
sonian symptoms with minimal side effects and 
the ability to monitor the patient during the pro-
cedure [32–34].

 Functional Anatomy

A generalized model of basal ganglia (BG) cir-
cuitry provides sufficient context to understand 
both the hypoactive parkinsonian symptoms and 
the clinical response from ablating specific 
nuclei. In PD, alterations to these circuits change 
a patient’s ability to start and continue motion. 
Motor symptoms are generally divided into two 
categories: positive and negative. Positive symp-
toms are tremor, rigidity, and dystonia, while 
negative symptoms are bradykinesia (slowed 
movement), akinesia (absent movement), and 
loss of postural reflexes. Another major source of 
disability in PD patients arises after years of 
levodopa use: involuntary and often painful mus-
cle contractions known as dyskinesias develop in 
40% of patients after 4–6 years of medical ther-
apy and in 90% after 9–15 years [35].

As the main BG input source, the striatum 
incorporates projections from the substantia 
nigra pars compacta (SNc), the intralaminar 
nuclei of the thalamus, and widespread cortical 
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areas including the motor cortex, premotor cor-
tex, and supplementary motor area [36, 37]. With 
the exception of projections from the subthala-
mus (STN), most BG connections are inhibitory. 
Two distinct pathways connect the input (stria-
tum) to the two output nuclei (globus pallidus 
interna, GPi, and SN pars reticulata, SNr). The 
“direct” pathway facilitates motion through a 
monosynaptic connection from the striatum to 
GPi/SNr, while the “indirect” pathway dimin-
ishes unwanted or excessive motion through a 
polysynaptic relay from the striatum through GP 
external (GPe) and STN before reaching GPi/
SNr. Pallidal projections terminate in the ventral 
oral posterior thalamic nucleus. The other impor-
tant thalamic nuclei with regard to parkinsonian 
pathology—the ventral intermediate thalamic 
nucleus (VIM)—receives projections from the 
contralateral cerebellum and projects to the ipsi-
lateral primary motor cortex, premotor cortex, 
and supplementary motor area [38, 39].

This circuit model serves as a simplified 
framework to explain the development of parkin-
sonism from the primary neuropathology—con-
necting the degeneration of SNc neurons to 
excessive inhibition of the thalamocortical and 
brainstem motor systems to the symptoms of 
hypoactive movement. A dopaminergic defi-
ciency results from nigrostriatal neuronal loss. 
Via the direct pathway, the nigrostriatal dopami-
nergic deficiency reduces GPi inhibition. Via the 
indirect pathway, reduced nigrostriatal dopamine 
overly inhibits GPe, disinhibits STN, and acti-
vates GPi/SNr. The additive inhibitory effects 
from the direct pathway’s reduction in GPi inhi-
bition and the indirect pathway’s increase in GPi/
STN activity collectively reduce activity in thala-
mocortical and brainstem motor centers to pro-
duce the characteristic impoverished movement 
of bradykinesia and akinesia [40, 41].

Parkinsonian tremor is likely due to abnormal 
oscillating neuronal networks within the BG cir-
cuit appearing where groups of neurons exhibit a 
discharge pattern whose frequency is synchro-
nized with limb tremor frequency. These so- 
called tremor cells exist in the ventralis 
intermedius (VIM) thalamus, STN, and GPi in 
tremor conditions as diverse as multiple sclero-

sis, essential tremor, and PD with the exception 
of cerebellar tremor syndromes [42, 43].

 Physiologic Basis for Lesioning

 Pallidotomy

In PD, nigrostriatal neuron degeneration and 
dopamine deficiency induces GPi hyperactivity 
through the combined effects of the direct and 
indirect pathways; this leads to excessive tha-
lamic inhibition and reduced cortical activation, 
which produces hypokinetic parkinsonian symp-
toms. Metabolic studies have demonstrated that 
lesioning of the sensorimotor regions of the GPi 
in pallidotomy modulates this abnormal circuitry. 
Ablating GPi reduces lentiform metabolism and 
pathologic thalamic hyperinhibition, which 
increases frontal and prefrontal cortex metabo-
lism; these metabolic changes have been corre-
lated with symptom reduction [44, 45].

 Thalamotomy

In non-cerebellar tremor syndromes, abnormally 
oscillating neuronal networks comprised of 
tremor cells in STN, GPi, and VIM thalamus are 
associated with a rest tremor. Postthalamotomy 
metabolic and perfusion studies demonstrated 
network remodulation differences between the 
resting and active state. The VIM thalamus 
appeared functionally disconnected from the lat-
erofrontal and parietal association cortices at rest, 
while the primary motor cortex exhibited 
decreased perfusion during motion concomitant 
with tremor relief [45, 46]. Though thalamotomy 
arrests tremor, its minor impact on other parkin-
sonian symptoms has reduced the VIM thalamot-
omy to a more selective one in patients with 
tremor-predominant PD only.

 Subthalamotomy

Subthalamic hyperactivity is one of several physi-
ological manifestations of the dysregulated indi-
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rect pathway in PD.  The dopaminergic deficit 
from nigrostriatal neuron degeneration leads to a 
hyperinhibited GPe, disinhibited STN, hyperac-
tive GPi/SNR, and reduced thalamocortical  output 
that produces the cardinal parkinsonian symp-
toms [47]. Subthalamotomies in nonhuman pri-
mates normalized GPi/SNr outputs and relieved 
akinesia, bradykinesia, tremor, and rigidity [48]. 
Metabolic studies confirmed that STN lesions 
suppress GPi/SNr activity, which influenced 
downstream pontine and thalamic activity through 
the first postoperative year [49, 50].

 Deep Brain Stimulation Versus 
Ablation

To select the most appropriate neurosurgical 
technique to manage parkinsonian patients, the 
unique risks and benefits of DBS and ablation 
should guide decision-making. Though unilateral 
pallidotomy appears as safe and as effective as 
pallidal DBS, bilateral ablations appear to be less 
safe than bilateral DBS implantations due to a 
higher incidence of speech complications [51, 
52]. Though both thalamotomy and VIM DBS 
demonstrated comparable increases in clinician 
rating scales for PD and quality of life, the 
improved DBS side effect profile makes it a supe-
rior option for most patients [53, 54].

Despite the merits of DBS, ablation remains a 
viable alternative and may be considered first- line 
in select patients. For experienced neurosurgeons, 
ablations are more straightforward procedures of 
shorter duration. General anesthesia is not 
required in lesioning, but is needed for DBS pulse 
generator implantation [55]. DBS implantation 
also requires significant follow-up for optimal 
programming, monitoring, and equipment 
replacement—these combined costs increase the 
ultimate price of DBS far above ablation [56]. 
With lesioning, patients need not be concerned 
with bulky hardware that is susceptible to infec-
tion, migration, malfunction, fracture, or failure 
reported at rates as high as 49% [57, 58]. Patients 
who required DBS explant due to hardware com-
plications like infection or migration may also be 
appropriate candidates for ablation after sufficient 

recovery and appropriate evaluation [59]. Lastly, 
DBS is contraindicated in patients with immuno-
deficiency or autoimmune disorders [60].

 Indications and Contraindications

The optimal candidate for ablation has had medi-
cally refractory idiopathic PD for 5–10  years 
with levodopa-responsive motor symptoms of 
tremor, rigidity, bradykinesia, and drug-induced 
dyskinesias. In practice, these patient’s symp-
toms should be more lateralized since pallidot-
omy is generally only done unilaterally. Patients 
should undergo rigorous neurologic and psycho-
logic evaluation by a specialized movement dis-
orders team in order to exclude patients with 
alternative diagnoses of supranuclear palsy, mul-
tiple system atrophy, and parkinsonism second-
ary to multifocal ischemic white matter 
disease—conditions with poorer prognoses that 
demonstrate minimal improvement after an abla-
tion [61–63]. Patients with dementia, severe 
depression, psychosis, encephalitis, recent neuro-
leptic exposure, head trauma, or recent vascular 
disease should also be excluded [64]. Despite 
evidence that most patients experience only tem-
porary speech disturbances, speech disorders 
remain a relevant contraindication. Thalamotomy 
presents a greater risk than pallidotomy for devel-
oping speech complications including hypopro-
sodia, changed enunciation, speech arrest, and 
lack of initiative to speak. Speech disturbances 
are much greater after bilateral ablations than 
unilateral ablations, both of which exceed the 
incidence after DBS surgeries [65, 66].

 Pallidotomy

Asymmetric medically resistant idiopathic non- 
tremor- dominant PD patients whose motor symp-
toms had previously been levodopa-responsive 
achieve the greatest therapeutic benefit [67, 68]. 
Though painful dystonias, marked ON/OFF fluc-
tuations, and bradykinesia respond very well, the 
greatest improvement is seen in dyskinesia reduc-
tion and OFF-period disability. Tremor may 
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respond less well to pallidotomy, although most 
patients are substantially improved [69]. Postural 
instability and autonomic dysfunction rarely 
improve and have also worsened occasionally, so 
severe ataxia, serious gait problems, orthostatic 
hypotension, or severe gastrointestinal or genito-
urinary symptoms of autonomic dysfunction are 
relative contraindications [70]. Younger patients 
(<60 years old) derive greater benefit than older 
patients (>70  years old) though pallidotomies 
have been performed safely on patients from 30 
to 82. Increased time since PD diagnosis also 
predicts poorer response [64]. Structural abnor-
malities and lentiform hypometabolism on FDG- 
PET are relative contraindications [58]. Several 
studies report increased risks in bilateral palli-
dotomy though others have safely performed 
staged bilateral pallidotomies without incurring 
additional complications; therefore, patients with 
severe bilateral symptoms should undergo bilat-
eral DBS, but can sometimes be considered for 
staged bilateral pallidotomy [71, 72].

 Thalamotomy

Patients with unilateral or asymmetric tremor- 
dominant medically refractory PD may experi-
ence greater benefit from thalamotomy [73]. 
Thalamotomy produces excellent reductions in 
tremor and moderate alleviation of rigidity; how-
ever, thalamic lesions typically have little to no 
impact on bradykinesia, micrographia, hypopho-
nia, and gait [49]. Extending the lesion anteriorly 
to include the ventral oralis posterior can improve 
rigidity and levodopa-induced dyskinesias [74]. 
Bilateral thalamotomies have been associated 
with higher rates of hypophonia, dysarthria, 
swallowing difficulties, and worsened bradykine-
sia; so patients with bilateral tremor might bene-
fit more from bilateral DBS [75, 76].

 Subthalamotomy

Due to the historical association of STN damage 
with hemiballismus, subthalamotomies were not 
considered as a surgical option. This philosophy 

slowly shifted with increased understanding of 
the STN’s role in PD, due to several case reports 
of STN strokes improving parkinsonian tremor, 
and after early success with DBS stimulation to 
the STN [30, 77, 78]. Still only rarely performed, 
radiofrequency subthalamotomy may be consid-
ered in advanced, medically refractory relatively 
asymmetrical PD with disabling dyskinesias [79].

 Surgical Procedures

 Preoperative Evaluation

A comprehensive multidisciplinary movement 
disorders team of neurosurgeons, neurologists, 
psychiatrists, psychologists, and neuroradiolo-
gists should evaluate all patients. Their screening 
consists of a brain MRI, neuropsychological and 
ophthalmologic testing, as well as a thorough dis-
cussion of anticipated risks and benefits. The 
diagnosis of idiopathic PD must be confirmed to 
prevent ablating patients whose poor prognosis 
or comorbid conditions would thwart therapeutic 
benefit. A detailed history and physical examina-
tion might include Unified Parkinson’s Disease 
Rating Scale, Schwab and England scale, Hoehn 
and Yahr scale, and the SF-36 health survey to 
quantify overall disability. Prior to surgery, medi-
cal management should be optimized, mood or 
psychiatric disorders must be treated, and the 
cognitive state of the patient should be assessed. 
Standard preoperative screening and bloodwork 
is performed, and agents that alter clotting char-
acteristics should be discontinued at least 5 days 
prior to surgery.

 Stereotactic Radiofrequency 
Lesioning

Radiofrequency ablations of the pallidum, thala-
mus, and subthalamus share similar procedural 
steps with the notable exceptions of lesion loca-
tion and microelectrode recording/macrostimula-
tion characteristics. This overview describes the 
general technique for any stereotactic radiofre-
quency lesion [59, 80, 81].
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 Preparation for Surgery
Antiparkinson and antitremor medications are 
withheld overnight to facilitate microelectrode 
mapping, prevent medication-induced dyskine-
sias from dislodging the frame, and allow for 
direct assessment of clinical response. 
Benzodiazepines, anxiolytics, and other sedating 
agents are avoided to ensure adequate monitoring 
of motor symptoms and for full patient coopera-
tion during the surgery. Propofol or midazolam 
can be used sparingly if a head tremor interferes 
with stereotactic image acquisition. IV access is 
established ipsilaterally to the side of lesion gen-
eration for complete freedom of movement in the 
extremity of interest. Oxygen is supplied by nasal 
cannula. EKG, pulse oximetry, and blood pres-
sure are monitored and maintained in the normal 
range. Bladder catheterization is not routinely 
performed.

An MRI-compatible stereotactic frame is typi-
cally applied under local anesthesia with or with-
out conscious sedation; however, frameless 
systems have been adapted for these procedures. 
General anesthesia can be used in patients with 
severe symptoms or anxiety.

 Stereotactic Imaging
Modern imaging techniques have enabled demar-
cation of GPi and STN borders, but thalamic 
nuclei are not well visualized on 1.5–3T MRI 
scanners. There are two main target planning 
methodologies that utilize different combinations 
of images—“direct” and “indirect.” In “direct” 
target planning, the patient undergoes a sagittal 
T1-weighted MRI after frame application to 
identify the anterior commissure (AC) and poste-
rior commissure (PC) and measure AC-PC 
length. The basal ganglia and thalamus, which lie 
in the AC-PC plane, are subsequently imaged 
using T2 sequences for GPi and SWI sequences 
for STN.  For patients with contraindications to 
MRI, a stereotactic CT or ventriculography may 
be used for “indirect” targeting to estimate the 
AC-PC length and midcommissural points [75]. 
CT images alone are not suitable for target iden-
tification as their anatomical resolution is not suf-
ficient for adequate target identification; however, 
a volumetric CT scan may be co-registered with a 

previous MRI without a frame if an MRI cannot 
be obtained.

Patient-specific atlases or probabilistic atlases 
based on large previous data sets can also be used 
as aids in target identification or verification. 
Furthermore, diffusion tensor imaging studies 
have been proposed to personalize target identifi-
cation [82]. Images are imported into a neuro-
navigation computer workstation with stereotactic 
targeting software that calculates optimal trajec-
tories as defined by the entry and lesion targets.

The pallidotomy target is typically 2–3  mm 
anterior to the midcommissural point, 4–6  mm 
below the intercommissural line, and 19–22 mm 
lateral to the midline of the third ventricle; how-
ever, these measurements are adjusted based on 
the patient’s unique anatomy. The lesion location 
lies behind the mammillary bodies’ posterior 
margin and superolateral to the optic tract; the 
limbic and associative territories of the pallidum, 
the optic tract, and the internal capsule should be 
avoided (Fig. 19.1) [83, 84].

The thalamotomy target, VIM nucleus, is usu-
ally 25% of the AC-PC length anterior to the pos-
terior commissure point, 11  mm lateral to the 
third ventricle wall and at the level of the AC-PC 
(Fig. 19.2) [85].

The optimal STN target, dorsolateral motor 
region, is 2–3 mm posterior to the midcommis-
sural point, 11–12 mm lateral to the AC-PC, and 
4–5 mm inferior to the AC-PC plane [86, 87].

 Surgical Technique
After prophylactic antibiotic administration, 
patients are positioned comfortably in a supine 
semi-sitting position to encourage full coopera-
tion during the procedure. Draping must cover 
the field sufficiently without interfering with 
intraoperative assessment. A local anesthetic 
numbs the scalp, and a parasagittal incision is 
made to place a pallidotomy burr hole 3 cm from 
midline in the midpupillary line and 1–2 cm ante-
rior to the coronal suture or a thalamotomy burr 
hole 3 cm from midline at the level of the coronal 
suture. An entry point is selected to avoid venous, 
sulcal, and ventricular penetration. The pallidot-
omy entry point is placed more anterolaterally in 
front of the coronal suture, while the  thalamotomy 
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entry point is about the level of the coronal suture. 
The dura and pia are coagulated to minimize 
bleeding during electrode placement. The stereo-
tactic arc is then positioned and the electrode 
guide tube is lowered into the burr hole. The burr 
hole is filled with fibrin glue or the skin is tempo-
rarily closed with nylon sutures to minimize CSF 
loss and brain settling.

 Microelectrode Recording 
and Macrostimulation
To confirm the trajectory, define target borders, 
and refine lesion location, macrostimulation 
 and/or microelectrode recording may be per-
formed. Microelectrode recording was used in 
46.2% of pallidotomies, and macroelectrode 
stimulation was performed in 53.8% of palli-

a b

Fig. 19.1 T1-weighted axial MRI demonstrating initial 
target in GPi at the level of the intercommissural plane 
2–3 mm anterior to the midcommissural point and 21 mm 

lateral (a) better seen on axial proton density MR images 
that better defines GPi anatomy (b)

a b

Fig. 19.2 T1-weighted sagittal MRI demonstrating ini-
tial targeting of Vim thalamus at the level of the intercom-
missural plane ¼ the distance anterior to the posterior 

commissure (a) seen on axial, coronal, and sagittal 
T1-weighted MR images that better defines the location of 
the internal capsule (b)
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dotomies from 1992 to 1999 [63]. For micro-
electrode recording, a microdrive platform is 
mounted to the frame to precisely drive in a 
microelectrode, which records activity from 
individual neurons. Analyzing the neuronal 
activity of various cell types enables the cre-
ation of a detailed map of the basal ganglia and 
thalamic nuclei for precise targeting; however, 
specialized expertise, specific equipment, and 
time for analysis is required. Faster but less pre-
cise, a macroelectrode with an exposed tip for 
stimulation can be used independently or 
sequentially after microelectrode recording. A 
square wave pulse is applied at 0–5 volts at 2 Hz 
for motor thresholds and at 50–75 Hz for visual 
thresholds, and the patient is monitored for 
signs of symptom relief, neurologic impair-
ments, or abnormal sensations.

 Lesion Generation
The radiofrequency generator conducts heat 
through a probe with an exposed tip to create a 
lesion at the target. During both the test lesions 
and ablation process, speech and sensorimotor 
functions are continuously monitored. In palli-
dotomies, visual fields are also monitored. A test 
lesion is performed at 42–46 °C for 60 seconds, 
and the permanent lesion is produced by gradu-

ally increasing the temperature from 60 to 75 °C 
for 60 seconds [63]. For pallidotomy, additional 
lesions are made at 2 mm and 4 mm above the 
target (Fig. 19.3). For thalamotomy lesions, the 
initial lesion is placed at the intercomissural 
plane and a second lesion placed 2 mm superior 
to the first (Fig. 19.4). A balance must be struck 
when determining overall lesion size between 
symptomatic relief and side effects or complica-
tions. Lesion size varies also based on procedure 
type—pallidotomy lesions often measure 6 mm 
in height and 4  mm in diameter, and thalamot-
omy lesions measure 4–6  mm in diameter [55, 
88]. After ablating the target, the electrode is 
withdrawn, and the burr hole is filled with 
Gelfoam and bone dust prior to closing the scalp, 
removing the frame, and covering with sterile 
dressing.

 Postoperative Care
Patients usually return to their room after a short 
period of observation. Mild analgesics are typi-
cally sufficient to manage postoperative pain 
though special care is taken to manage blood 
pressure to minimize hemorrhage risk. Patients 
are monitored overnight and undergo an MRI 
prior to discharge to verify lesion location and 
exclude complications.

a b

Fig. 19.3 T2-weighted MR images of a radiofrequency pallidotomy 24 hours post-procedure in the axial (a) and coro-
nal (b) planes. Note the location of the lesion just lateral to the internal capsule and above the optic tract
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 MRI-Guided Focused Ultrasound 
(MRgFUS) Lesioning

Although Fry et al. first proposed ultrasound as a 
surgical option for PD in 1958, his technique 
required a craniotomy to directly access the site 
of interest [89]. Since that time, numerous tech-
nological discoveries paved the way for the 
development of the newest noninvasive neurosur-
gical technique currently undergoing Phase III 
clinical trials: MRgFUS [90–93]. The physics 
concept of focused sonication serves as the basis 
for this therapy: sound energy in the form of an 
ultrasound wave transmitted through the skull is 
transformed to thermal energy at the target site. 
No incisions or burr holes are required to pre-
cisely create permanent lesions. A thermal dose 
of 57 °C for 1 second denatures all proteins and 
causes death of all cells; the equivalent thermal 
dose is a function of exposed area and length of 
exposure [94].

Preoperative screening and surgical prepara-
tion remains the same as for radiofrequency abla-
tion. The patient’s head is first completely shaved 
and then fixed in an MRI-compatible stereotactic 

frame with local anesthetic similarly to radiofre-
quency ablation procedures. An elastic dia-
phragm is stretched around the head and 
connected to the transducer before being filled 
with degassed and chilled water. Performed in an 
MRI suite, MRgFUS uses real-time MRI for 
accurate localization, treatment planning, and 
thermal dosing control throughout the procedure 
[95]. Intraoperative MRI scans are fused to the 
preoperative CT scan for proper skull correction 
as the skull density alters the thermal energy that 
reaches the lesion site [96]. The VIM thalamot-
omy target is one quarter of the AC-PC length 
anterior to PC, 14 mm lateral to midline or 11 mm 
from the third ventricle wall if the ventricle is 
enlarged and 1–2  mm above the AC-PC plane 
[83]. The pallidotomy target is reported to be 
22  mm lateral from midline, 3–4  mm anterior 
from the AC-PC line midpoint, and 2–3 mm infe-
rior to the intercommissural line [84].

MRgFUS is divided into three phases. During 
the first stage, MR thermography at lower ener-
gies (41–46 °C) is used to confirm the sonica-
tion target in sagittal, axial, and coronal planes. 
In the second stage, energy is gradually 

a b

Fig. 19.4 T2-weighted axial MR images of a radiofre-
quency thalamotomy (a) and T1-weighted coronal MR 
images (b) 24 hours post-procedure. Note the location of 

the lesion just medial to the internal capsule and extending 
just 1 mm below the intercommissural plane
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increased (46–50 °C) while the patient is moni-
tored for symptom relief and adverse effects. 
The third and final stage consists of ablation—
incrementally, energy is increased through 
either larger sonication intensity not to exceed 
60  °C or prolonged sonication duration 
(Fig.  19.5). The procedure is typically per-
formed as an outpatient procedure [83, 97].

 Gamma Knife (GK) Lesioning

Though introduced as a neurosurgical technique 
for functional disorders in 1951 by Lars Leksell, 
stereotactic radiosurgery for PD remains less 
preferable than DBS and radiofrequency lesion-
ing because of the significant delay in symptom-
atic improvement and less predictable adverse 
events [98, 99]. Its application is limited to 
patient preference and to poor surgical candi-
dates with severe cardiac or respiratory disease, 
taking chronic anticoagulation, medically non-
compliant, and the elderly. Cobalt-60 gamma 

units produce multiple beams of photon energy 
that are focused through 4 mm collimator open-
ings. This ionizing radiation produces free radi-
cals; both gamma radiation and free radicals 
damage tissue and mutate DNA to induce necro-
sis at the target site [100, 101]. Incisions and burr 
holes are not required for lesion generation and 
no head shave is needed.

As described above for radiofrequency abla-
tions, patients should undergo rigorous preopera-
tive screening and surgical preparation; the 
movement disorders team should also include 
radiation oncologists and medical physicists. The 
patient’s head is first fixed in a stereotactic frame, 
and a high-resolution MRI is obtained and then 
loaded onto a computer with dose-planning soft-
ware. Individual doses were determined jointly 
by the neurosurgeon, radiation oncologist, and 
medical physicist, ranging from 120 to 180 Gy in 
pallidotomies and 120 to 160 Gy in  thalamotomies. 
Follow-up imaging is performed several months 
after discharge when the GK results would be 
visible [91, 92].

a b

Fig. 19.5 Axial (a) and coronal (b) thin cut T2-weighted MR images 24 hours post-FUS thalamotomy
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 Surgical Results

 Clinical Outcome

 Pallidotomy
Pallidotomy has been evaluated in numerous ret-
rospective case series, several prospective uncon-
trolled trials, and a few controlled, randomized, 
blinded clinical trials [102, 103]. Alkhani et  al. 
summarized the results of nearly 2000 PD 
patients who had received radiofrequency palli-
dotomies in 40 centers in 12 countries published 
between 1992 and 1999. In 263 of 1959 patients, 
pre- and postoperative contralateral dyskinesia 
scores were documented: mean scores increased 
by 67.7% from 2.2 +/− 0.6 to 0.71 +/− 0.45 with 
improvement sustained at 6 months (73.5% of 94 
assessed patients) and 12 months (86.4% of 71 
assessed patients) [63]. Patients also achieve sig-
nificant reductions in contralateral symptoms of 
rigidity, tremor, and bradykinesia during OFF 
periods with some ipsilateral changes. Changes 
during the ON periods are less pronounced [26, 
78]. Not only are the symptoms better during the 
OFF periods, but patients report reduced duration 
of OFF hours per day [65, 95]. The impact on gait 
remains obscured by conflicting results as some 
patients describe improved or unchanged gait, 
while others complain of worsening gait and pos-
tural instability [104, 105]. Speech dysfunction 
worsens in patients with preoperative moderate 
and severe dysarthria, while mildly dysarthric 
patients are more likely to experience some ben-
efit to speech after pallidotomy [106].

 Thalamotomy
The majority of patients achieve complete or 
near-complete extremity tremor arrest with little 
impact on bradykinesia, gait, or executive func-
tion [107, 108]. Persistence of tremor relief 
remains a controversial topic since some patients 
report sustained benefits over a decade of follow-
 up, while others have observed a steady decline to 
preoperative function as compared to baseline. 
Although the length of benefit from thalamotomy 
continues to be debated, there does appear to be 
consensus that thalamotomy does not alter dis-
ease progression [109]. Some demonstrate sus-
tained improvements in rigidity opposite to lesion 

side; however, optimal improvement of rigidity 
occurs with lesions in the Vop thalamus [59]. 
Thalamotomy’s impact on levodopa-induced dys-
kinesias was initially controversial with some 
early publications purported that lesioning pre-
vented their development and others reporting 
minimal dyskinesia reduction [110]. It appears 
that the overall dyskinesia reduction was the result 
of reduced daily levodopa requirements after the 
surgery. Furthermore, ventralis oralis anterior and 
posterior have been found to be more appropriate 
lesioning targets to reduce dyskinesias [111].

 MRI-Guided Focused Ultrasound 
(MRgFUS) Lesioning
Though few case reports of MRgFUS pallidot-
omy have been published, early results demon-
strate similar improvements to radiofrequency 
pallidotomy in the first 6 months: improved ON 
and OFF motor scores and reduced levodopa- 
induced dyskinesias [84, 112]. MRgFUS VIM 
thalamotomy has been studied more rigorously 
and been shown to greatly improve tremor in 
patients with medically refractory tremor- 
dominant PD in the setting of a placebo response 
[85]. Alleviating tremor significantly improves 
quality of life scores through increased ability to 
complete activities of daily living [113, 114].

 Gamma Knife (GK) Lesioning
Elaimy et al. summarized the 14 publications on 
79 patients who received GK pallidotomy and 
477 patients who received GK thalamotomy for 
movement disorders. Patients rarely undergo GK 
pallidotomy due to the controversy surrounding 
the procedure’s efficacy and safety; improve-
ments in bradykinesia, rigidity, and dyskinesia 
range from 0% to 87%. Although none of the 4 
patients in the smallest case series received thera-
peutic benefit and only 33% of the 18 patients in 
the intermediate-sized series improved, 2 larger 
studies of 28 and 29 patients reported 64.3–
65.5% reported bradykinesia/rigidity improve-
ments and 85.7–86.8% experienced reduced 
dyskinesias. GK thalamotomy for tremor has 
reportedly produced 80–100% improvement in 
455 patients with essential tremor, PD, and mul-
tiple sclerosis with onset of improvement ranging 
from 1 week to 1 year [92].
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 Subthalamotomy
Subthalamotomies produce contralateral tremor 
arrest, bilateral reductions in bradykinesia and 
rigidity in the ON and OFF states, and improve-
ments in freezing, postural stability, and facial 
expression. In comparison with pallidotomy 
and thalamotomy, subthalamotomy signifi-
cantly decreases medication needs, which slows 
medication- induced dyskinesia development 
and reduces disability [28, 86]. Bilateral proce-
dures demonstrated greater improvements in 
scores for tremor, bradykinesia, and rigidity on 
both sides [29].

 Complications

 Pallidotomy
Alkhani and Lozano’s systematic review of 1564 
pallidotomy patients provides the most compre-
hensive analysis of adverse events. Hemorrhage 
is the most serious complication of radiofre-
quency pallidotomy and occurs in 1.7% of 
patients with a mortality rate of 0.4%. It is clear 
that hemorrhage occurs more commonly with 
MER-guided procedures. Overall estimated mor-
bidity rate was 23.1% with a 14.3% permanent 
morbidity rate. The most common complications 
were (1) weakness that developed in 5.3% and 
persisted in 2.2%, (2) speech disorders (dysar-
thria, hypophonia) that occurred in 4.5% and per-
sisted in 2.9%, and (3) visual field deficits that 
affected 2% and persisted in 1.5% of patients 
[63]. Most patients do not experience significant 
cognitive or psychiatric impairment though the 
elderly are more prone to transient postoperative 
confusion or somnolence [64, 115]. Several stud-
ies indicate temporary mild changes to cognition, 
memory, and executive function; left-sided 
lesions may decrease verbal fluency or frontal 
lobe functions, while right-sided lesions may 
improve frontal functions [116, 117].

 Thalamotomy
As in pallidotomy, mortality rates are low (0.4–
9%), and intracranial hemorrhage, which repre-
sents the most significant complication of 
thalamotomy, has been reported in 1.5–6% of 

patients, again more commonly with MER- 
guided procedures [118]. Patients report dysar-
thria, hypophonia, dysphagia, or aphasia with 
only a subset reporting persistent complications 
and an even smaller fraction reporting the adverse 
effects were a source of disability [119]. 
Historically patients experienced weakness or 
hemiparesis at rates of 1.7–26% though modern 
stereotactic techniques seem to have reduced the 
incidence and most resolve without subsequent 
treatment [15, 111]. Patients also report tempo-
rary perioral or appendicular paresthesias and 
numbness [120]. Thalamotomy appears to have 
limited cognitive sequelae of reduced verbal flu-
ency and minor memory impairment; however, 
some patients experience improvements in verbal 
memory [121, 122]. Rare complications include 
infection, thalamic pain syndromes, neglect, dys-
phagia, sialorrhea, blepharospasm, dystonia, 
ataxia, hyperkinesia, and hypotonia [111].

 MRI-Guided Focused Ultrasound 
(MRgFUS) Lesioning
The noninvasive technique of MRgFUS repre-
sents a major benefit as compared to other neuro-
surgical interventions for movement 
disorders—those benefits are most visibly mani-
fested through reduced rates of serious complica-
tions. Though larger trials are necessary to 
confirm the results of the MRgFUS thalamotomy 
clinical trial, its outcomes are the most current 
understanding of MRgFUS complication rates in 
PD. During early trials, internal capsule heating 
induced mild hemiparesis that eventually 
improved to near-baseline. The majority of 
adverse results are temporary and of lower acuity 
and consist of persistent mild ataxia (5%), orofa-
cial paresthesias (27%), finger paresthesias (5%), 
and temporary ataxia (35%)—the majority 
resolved by 12 months. Headache (65%) and diz-
ziness/vertigo (42%) occur only during the pro-
cedure with complete resolution upon exiting the 
MRI suite [85]. Several other minor complica-
tions arise at lower rates: nausea, pin-site dis-
comfort, taste disturbances, dyskinesias, 
subjective speech disturbance, anxiety, fatigue, 
weight gain, transient hypertension, facial asym-
metry, and minor impulsivity [83, 86].
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 Gamma Knife (GK) Lesioning
In both GK pallidotomy and thalamotomy, a 
diverse and unpredictable side effects profile 
develops in the same delayed fashion as clinical 
benefit with a wide reported range of 0.4–50%. 
The larger studies of 28 and 29 patients reported 
complication rates of 3.4–3.6%, the intermediate 
series of 18 patients reported a 50% complication 
rate, and the smallest case series of 4 reported 
25%. Complications included visual field defi-
ciencies, dysphagia, dysarthria, hemiparesis, 
hemianesthesia, dementia, and psychosis. In the 
nine studies on GK thalamotomy, complication 
rates ranged from 0% to 16.7% though one out-
lier published a 46.7% complication rate. 
Complications included hemorrhage, edema, 
hemiparesis, sensory and motor impairments, 
dysarthria, dysphagia, and disordered balance 
[92]. Two hypotheses postulate causes for the 
increased rates of adverse events in GK pallidot-
omy versus thalamotomy: (1) pallidal perforating 
arteries supply more diverse downstream effects 
than thalamic vessels, and (2) iron accumulates 
in the pallidum with age, thus increasing the con-
centration of metallic products susceptible to act-
ing as free radical catalysts that induce greater 
damage [91, 123].

 Subthalamotomy
Subthalamotomies produce contralateral tremor 
arrest, bilateral reductions in bradykinesia and 
rigidity in the ON and OFF states, and improve-
ments in freezing, postural stability, and facial 
expression. In comparison with pallidotomy and 
thalamotomy, subthalamotomy significantly 
decreases medication needs, which slows 
medication- induced dyskinesia development and 
reduces disability [28, 86]. Bilateral procedures 
demonstrated greater improvements in scores for 
tremor, bradykinesia, and rigidity on both sides 
[29].

A pilot study of ten patients reported results of 
unilateral MRgFUS subthalamotomy with a 
lesion target of 3 mm posterior, 12 mm lateral, 
and 4 mm inferior to the midcommissural point. 
Results demonstrated improvements of hemi-
body motor scores for rigidity, akinesia, and 
tremor by 53% in the OFF state and 47% in the 

ON state through the first 6 months. Complications 
included dyskinesias, speech disturbances, anxi-
ety, weight gain, gait ataxia, pin-site pain, tran-
sient hypertension, facial asymmetry, and 
impulsivity [86]. A small case series of 13 
patients targeting the pallidothalamic tract guided 
by tractography also showed equivalent benefit to 
patients as from radiofrequency lesioning with 
reduced risk of adverse events—total motor score 
improvements of 60.9% without postoperative 
neurologic complications [124].

 Conclusion

Radiofrequency ablation procedures have been 
established as an efficacious and safe surgical 
option for parkinsonian patients with subopti-
mal symptom control or levodopa-induced dys-
kinesias who had previously responded to 
levodopa therapy. Pallidotomy provides sub-
stantial therapeutic relief of tremor, bradykine-
sia, rigidity, and dyskinesias with some risk of 
weakness, speech alterations, and visual field 
deficits. Thalamotomy provides near-complete 
arrest of tremor with some risk of paresthesias, 
weakness, and dysarthria. GK has also been 
shown to effectively produce lesions though in a 
delayed fashion with less predictable side 
effects particularly after pallidotomies. Though 
longer-term and larger studies of MRgFUS 
lesioning are needed to confirm early results, 
the novel noninvasive technique’s initial experi-
ence suggests an important role in the functional 
neurosurgery armamentarium.
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