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Stereotactic and functional neurosurgery is one of the most quickly evolving 
fields within neurosurgery. The field developed more than half a century ago 
as a means of performing targeted ablations for a relatively limited set of 
conditions. Over the decades, the field has broadened to include treatments 
for a much wider array of disorders of brain function using an assortment of 
delivery techniques. Today, the field continues to grow extremely rapidly, 
accumulating an ever-increasing armamentarium of therapeutic modalities 
for an ever-expanding number of disorders. This expansion has been fueled 
by an infusion of basic science research, in terms of both the diseases we seek 
to treat and the mechanisms of the therapies that we employ. As our under-
standing of the mechanistic basis of neurologic and psychiatric disorders con-
tinues to improve, our ability to precisely and effectively target nodes in 
well-defined dysfunctional networks has accelerated in tandem, benefiting an 
even wider array of patients. These expanding opportunities, indications, and 
treatment options necessitate close collaboration and mutual understanding 
of diseases and techniques with other clinical specialties, including Neurology, 
Pain Medicine, Psychiatry, Physiatry, Rehabilitation Medicine, and others. 
Our field will continue to expand yet further as we gain an even greater appre-
ciation of brain-body interactions once considered beyond the scope of neu-
rosurgical intervention, such as with the cardiovascular or gastrointestinal 
systems.

This book is thus targeted at the wide audience of influencers of this field. 
This audience certainly includes the modern practitioner of stereotactic and 
functional neurosurgery, who must be able to fluidly traverse decades worth 
of surgical techniques, a dynamic research landscape, and a multitude of 
fields of expertise. The target audience also includes those who are interested 
in advancing the field from other clinical and basic science perspectives, 
including neurologists, psychiatrists, neuroscientists, physiologists, and engi-
neers. Part I of the book focuses on Achieving Stereotactic Precision, review-
ing the techniques and principles used to deliver therapies in a targeted and 
precise manner. Part II is devoted to Defining Trajectories and Targets, dis-
cussing the various techniques across brain mapping modalities to define 
appropriate brain targets and to plan optimal approaches. This step is crucial, 
as the field increasingly recognizes that target identification and engagement 
define our success. Part III, The Biophysics of Functional Neurosurgical 
Therapy, provides the most up-to-date summary of the therapeutic  mechanisms 
of the techniques employed in our field, evaluating how our interventions 
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interact with neural tissue, from neurons to networks. This understanding is 
critical and is also the most quickly evolving aspect of the field. Part IV 
(Diseases and Targets) builds on the principles delivered in the prior parts, 
providing a deep dive into a detailed treatment of the most common disorders 
using the different techniques available in the field, to bring the reader up to 
speed on each in turn. The final part (Part V: The Future of Functional 
Neurosurgery) provides a glimpse of future areas of research and growth 
within this field.

Our aim with this book is to provide a thorough introduction to stereotac-
tic and functional neurosurgery for the new practitioner while also providing 
a useful reference for the experienced practitioner seeking to expand into new 
avenues within the field. Equally important, we invite the multidisciplinary 
field of clinical and basic neurosciences to use this book to gain a better 
understanding of the principles and applications of stereotactic and functional 
neurosurgery to identify opportunities for even further advancement in this 
exciting and continually evolving field.

Los Angeles, CA, USA Nader Pouratian
Houston, TX, USA Sameer A. Sheth 
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Traditional and Mini-Frames

Ahmad Alhourani, Abigail McCallum, 
and Joseph S. Neimat

 Background

The introduction of stereotaxis transformed neu-
rosurgical practice by allowing precise minimally 
invasive localization of previously inaccessible 
regions of the human cerebrum. Initial prototypes 
and experiments by Zernov [1] in 1889 followed 
by Clarke and Horsley [2] in 1906 provided the 
groundwork for the first stereotactic system rou-
tinely used in humans by Spiegel and Wycis [3] 
in 1947. However, widespread adoption of the 
stereotactic method started with the introduction 
of improved frame designs, specifically the popu-
lar Leksell frame, integrating Cartesian targeting 
and polar trajectory selection [4]. While the tradi-
tional frames underwent several modifications up 
to their current form, they rely on the same basic 
principle. The frame has a self-contained coordi-
nate system that is registered to reference points 
of the patient and their imaging. This relationship 
is calculated by acquiring patient imaging while 
in the frame. Initial work used ventriculography 
to find fiducial points like the anterior-posterior 
commissural line and then used standard coordi-
nates derived from atlases for targeting. As neu-
roimaging improved to allow direct visualization 
of target structures, target coordinates are directly 
transformed into frame coordinates. This 

approach requires the patient to be rigidly fixed 
in the frame from the time of imaging and 
throughout the procedure to maintain a constant 
relationship. Such a constraint can be cumber-
some for awake movement disorder patients as 
the patient and the frame are bolted to the opera-
tive table to support the weight of the frame.

As technologies enabled increased alterna-
tives, several stereotactic systems have been 
developed to allow greater patient comfort with 
equivalent accuracy and precision. We describe 
in this chapter the three most commonly used 
systems, the theoretical basis for their design, 
and their practical workflow. We also describe the 
clinical results from reported experience with 
each system.

 Frame Versus Imaging-Based 
Coordinate Systems

Imaging technologies have improved to allow 
volumetric acquisition of both CT and MRI 
scans. This generates a three-dimensional vol-
ume with a set coordinate system where every 
point or voxel has a distinct X, Y, and Z value. 
Since the voxel dimensions are known and set by 
the scanner, different volumes can be fused 
using simple mathematical transformations. 
Additionally, their coordinates can be used in cal-
culations to navigate through the volume and tar-
get structures. This innovation eliminated the 
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need for frames to provide an independent 
Cartesian coordinate system that was critical 
when using X-ray ventriculography or 2D CT 
slice acquisitions. Instead, several new frame 
systems were developed by essentially co-opting 
the 3D CT space as their implicit coordinate sys-
tem. The targeting of platforms and trajectories 
within this system is based on simple mathemati-
cal transforms relating points of attachment and 
registration to targets and trajectories in the same 
three-dimensional space. The different systems 
described below use a different version of the 
same principle, each with their advantages and 
disadvantages.

 Traditional Frames

Several stereotactic frames are currently utilized 
in neurosurgical practice; however, the Leksell 
frame remains the most commonly used frame. It 
is also regarded for its transformative effect on 
the field since its introduction in 1949. The main 
innovation behind it was using the center-of-arc 
principle instead of a pure Cartesian system used 
in previous frames. It employs a stereotactic arc 
on which the targeting probe is mounted perpen-
dicular to the arc. It is the equivalent of the radius 
of a semicircular arc which would reach the cen-
ter of the arc when introduced perpendicular to 
any point along the arc. Targeting a location 
becomes a matter of translating the center of the 
arc to line up with the target in three-dimensional 
space. This allows for great versatility in choos-
ing the trajectory needed.

Other frame models employ the same princi-
ple but differ in how the frame is applied or how 
the coordinate space is described. For example, 
the Leksell frame uses the posterior superior cor-
ner of its 3D space as the zero-reference point, 
making all values on its axes positive values. On 
the other hand, the CRW frame uses the center of 
the frame as the zero point, so it has positive and 
negative values.

The frame is comprised of several parts: (1) a 
fixation instrument consisting of four fixation 
points for rigid fixation into the skull that connect 
to a graduated frame, (2) the coordinate frame 

that mounts on the fixation device and contains 
six radiopaque posts (four vertical posts in each 
corner and two diagonal in the shape of an N on 
each side), and (3) the stereotactic arc. The gen-
eral method for registering the patient space with 
the frame stereotactic frame relies on defining the 
geometric center of the frame using the coordi-
nate frame as depicted in Fig.  1.1. The patient 
needs to be imaged after applying the frame. The 
four vertical posts help define the center in the X 
and Y directions, while the diagonal posts define 
the center in the Z direction. After finding the 
geometric center, the distance from the target 
location can be calculated to translate the center 
of the arc to that location.

The workflow of frame-based targeting typi-
cally occurs in a single day. The fixation frame is 
applied to the patient to maintain a rigid relation-
ship between the patient space and the stereotac-
tic device. The patient is imaged using a 
stereotactic/volumetric CT or MRI scan to regis-
ter the frame with the patient space. The stereo-
tactic coordinate system is therefore established 
on this image set. If this frame-based scan is a 
CT, which is more common given its speed 

x

y

z

Fig. 1.1 Traditional stereotactic frames and methodol-
ogy. The base of a Leksell frame applied to a model with 
basal ganglia rendered showing the coordinate system 
inherent in the frame
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advantage over MRI, then the CT is fused with 
the preoperative MRI using the surgeon’s naviga-
tion software of choice. This fusion transfers the 
coordinate system from CT to MRI. This step is 
not necessary if the frame-based scan is per-
formed using an MRI. Either way, the stereotac-
tic planning of the trajectory is performed on the 
MRI, which provides the best anatomical detail. 
The trajectory is defined by two points: the target 
and the entry. The planning software provides the 
coordinates to place the target at the geometric 
arc center. The target point is thus defined in 
terms of these three coordinates: X (usually left- 
right), Y (usually anterior-posterior), and Z (usu-
ally superior-inferior). The entry point is defined 
by an additional three coordinates: sagittal angle 
(“ring” angle), coronal angle (“arc” angle), and 
depth of trajectory (usually frame center: 160 mm 
for CRW and 190 mm for Leksell).

The workflow afterward from burr hole cre-
ation, microelectrode mapping, electrode implan-
tation, and macrostimulation is described in more 
detail in a later chapter.

The main advantages of frame-based systems 
are their reliability and versatility. The trajectory 
can be changed to any point within the confines 
of the stereotactic space. This allows for numer-
ous diverse applications across the whole patient 
population which led to their widespread adop-
tion. However, they carry several limitations. 
First, they should be recalibrated periodically due 
to changes to the metal frame during sterilization 
procedures. Second, they can only be applied to 
one trajectory at a time. Also, the substantial 
weight of the instrument requires fixing the 
patient to the operative table, thus eliminating the 
patient’s ability to move. Patients with larger 
head sizes can be limited within the fixation 
frame. Defining the trajectory is susceptible to 
human error by entering the wrong coordinates. 
Finally, the frame and stereotactic arc occupy a 
large portion of the surgical field and have to 
periodically be moved or swung out of the way to 
avoid hampering surgical access.

For applications in DBS surgery, a wide range 
of accuracy has been reported for these tradi-
tional frames, ranging from 1.3 to 1.7 mm [5–7].

 STarFix (Surgical Targeting Fixture) 
Platform

The STarFix system is an alternative method of 
stereotaxis that relies on custom microtargeting 
platforms (MTP). The MTP is a lightweight fix-
ture that can incorporate one or more trajectories 
and is directly attached to the skull; a model of a 
bilateral DBS platform is depicted in Fig. 1.2a. 
This process became feasible in the clinical set-
ting with the emergence of rapid prototyping 
technology where an MTP can be manufactured 
and delivered in a relatively short time (as little as 
3  days, although 7 are usually recommended). 
The frame is made of DuraForm polyamide, a 
durable thermoplastic. Each MTP is individual-
ized to both the patient and the target trajectory 
unlike other systems that can be used across dif-
ferent patients and trajectories. The complete 
system includes planning software, bone fiducial 
markers, and a drive and reducer set that allows 
trajectory adjustments. While the planning soft-
ware for other frame systems generates frame 
settings corresponding to the selected entry point 
and trajectory, the STarFix planning software 
generates the instruction file for manufacturing 
an MTP. Finally, the frames are intended for sin-
gle use but can be reused for the same target as 
long as the bone markers used for registration are 
retained.

The STarFix system relies on several basic 
principles shared with traditional stereotactic 
frames. First, it uses several fiducial points that 
are incorporated into the platform itself. 
Additionally, there is a rigid relationship between 
the registration points and the trajectory fixture. 
To incorporate the patient’s imaging, the system 
relies on three key data points: the bone fiducial 
anchor locations (made more accurate by record-
ing bone fiducial anchor orientation), the target 
location, and the trajectory to target. Those data 
points are used to calculate a mathematical trans-
form that translates the imaging space to the 
patient’s physical space. Additional data points 
such as the orientation of the trajectory with 
respect to the AC-PC line and midline are incor-
porated so that trajectory adjustments occur in 
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orientations that allow precise anterior-posterior 
and medial-lateral movements.

The STarFix system has a unique workflow as 
it is an individualized system requiring frame 
manufacturing. The general workflow of the 
STarFix system is broken into two discrete steps 
over a period of 1–2 weeks. The workflow starts 
with implantation of the bone fiducial markers 
which is usually termed Step 1 (termed Step 0 at 
some centers) in a minor surgical procedure. This 
can be performed under local or general anesthe-
sia and is sometimes performed in an office set-
ting. The number of fiducial markers varies based 
on the number of trajectories. At least three are 
required for unilateral cases and four are typi-
cally used for bilateral frames. Of note, larger 
frames with more than two trajectories that are 
used for specialized applications such as stereo- 
EEG require up to six anchors for appropriate 
rigidity. The bone anchors serve a dual purpose: 
(1) they serve as a rigid reference point for image 
registration and (2) rigid physical attachment for 
the MTP to be mounted on during the targeting 
procedure. Therefore, the fiducials must remain 
fixed in the same location between procedures. 

The bony anchors went through several versions 
from externalized MRI-detectable posts and caps 
to the current internalized hex nuts that are buried 
completely under the scalp. Anchor placement 
only requires simple stab incisions to allow 
placement into the outer table of the skull. The 
incisions are closed with a single suture or sta-
ples. A postoperative CT imaging for image reg-
istration can be obtained immediately following 
the procedure while the patient is still under gen-
eral anesthesia or during the same day. A high- 
resolution MRI for target identification is 
typically used and can be obtained under the 
same general anesthesia (if used) for outstanding 
motion-free images. Patients are usually dis-
charged home with the simple instruction to keep 
the anchor sites clean.

Surgical planning follows similar steps to 
traditional frames where the CT and MR images 
are co-registered, identifying the target loca-
tions and selecting the optimal entry points. 
However, instead of generating coordinates, the 
planning software creates a customized MTP 
design. The design file is sent to the manufac-
turer, and the MTP is delivered to the hospital 

a b

Fig. 1.2 Custom microtargeting platforms. (a) A sample of the STarFix frame for a bilateral DBS target. (b) A unilat-
eral VIM trajectory targeted using the Microtable with the microdrive mounted
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within several days. Several compatible plan-
ning software are available to generate the 
design files such as Voxim, WayPoint Planner/
Navigator, and StimPilot.

Stage 2 can be performed any time after the 
frame is manufactured, but it is usually performed 
a week after stage 1 in our institution. We prefer 
electrode placement using microelectrode record-
ings, so this stage is commonly performed under 
local anesthesia, with IV sedation. The bone 
marker incisions are opened after infiltration with 
local anesthesia. The MTP is rigidly connected to 
the bone anchors using couplers with submilli-
metric tolerance. This obviates the need to lock 
the patient’s head to the operating Table. A guide 
is used to mark the entry point on the scalp and 
skull through the ring opening of the MTP. The 
steps afterward from burr hole creation, micro-
electrode mapping, electrode implantation, and 
macrostimulation are done in a standard fashion 
that is essentially the same as that used in frame 
cases.

The STarFix system offers several advantages 
for DBS surgery. First, both trajectories can be 
mounted and mapped simultaneously through 
separate microdrives, unlike traditional frames 
than can perform one trajectory at a time. This 
can potentially provide significant time savings 
as both sides are explored and recorded at once. 
Second, the patient is free to move during the 
procedure providing superior patient comfort 
especially in patients with severe tremors or dys-
kinesias. This mobility can help patients over-
come the anxiety of being in a rigid frame for 
extended periods of time. Workflow on the day of 
surgery typically proceeds more expeditiously, as 
no scan is needed on the day of procedure. 
Additionally, there is no limitation on head size 
to fit inside the frame. A recent iteration of the 
device termed the Microtable that employs the 
same strategy of bone marker insertion and sub-
sequent fixture application but can be manufac-
tured on the same day. The fixture is a Lexan 
plate that has holes of various depths drilled into 
it to hold legs of different length (Fig. 1.2b). The 
resulting geometry can reproduce any single ste-
reotactic trajectory with accuracy equivalent to 
the STarFix platform. The advantage of the 

Microtable is that the fixture can be created in 
just a few minutes and therefore be available for 
same-day surgeries. To date, it has been utilized 
in more than 20 surgeries, and publications on 
safety and accuracy are anticipated in the coming 
year.

Limitations include the fact that the frame is 
non-deformable around the planned trajectory, 
limiting the ability to perform changes to the tra-
jectory. However, the trajectory can be adjusted 
using various offset adapters for the drive assem-
bly allowing for a maximum offset of 11  mm 
from the central target in all directions. 
Additionally, no final confirmation fluoroscopic 
imaging is used due to the lack of stable refer-
ence imaging (i.e., the ring and bull’s-eye mark-
ers of a traditional frame). From a cost point of 
view, the initial overhead is much lower than pur-
chasing a traditional frame, but the per-case cost 
is higher because of the need to produce a new 
frame for every case. Finally, the STarFix system 
is compatible with most microdrives and cannula 
systems; however, the frame height from the 
skull is different from the Leksell frame, and that 
difference needs to be accounted for when the 
microelectrodes and cannulas are mounted to cal-
culate the correct distance to target.

The STarFix system was FDA approved in 
2001, and the largest reported experience comes 
from Vanderbilt University, where it has been 
adopted since 2002. Their case series of 265 
patients describes cases performed between 2002 
and 2008 using several iterations of the system 
including its current mature form [8]. The system 
showed high accuracy with a targeting error of 
1.99 ± 0.9 mm across 75 patients. The targeting 
error was further reduced to 1.24 ± 0.4 mm when 
accounting for brain shift. The case series dem-
onstrated the safety of the system with a less than 
0.2% complication rate across the entire cohort. 
Earlier versions of the system that had external-
ized posts and caps suffered from dislodgement 
of the bony fiducials occurring in 0.1% of 
patients, especially in patients with severe dyski-
nesia. This complication has not been seen in the 
current internalized version of the bony fiducials. 
The multistep nature of the workflow and the 
multiple operations raises the concern for 
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increased infection risk. However, the authors 
reported only one case of bone marker infection 
(0.004%) that was simply treated by removal of 
the fiducials and a short course of antibiotics.

 NexFrame

The NexFrame was the first true frameless sys-
tem used for DBS, as it lacks rigid attachment 
between the reference points and the trajectory. It 
utilizes infrared (IR) optical guidance similar to 
other frameless neuronavigation systems. 
However, it relies on rigid registration markers 
and more tightly controlled guide tower allowing 
for the precision required for DBS lead implanta-
tion. It commonly uses bone fiducial markers for 
image registration; however, they are used as 
markers for optical tracking to manually register 
and align the trajectory during surgery [9] and are 
not incorporated in the fixture itself.

Unlike the STarFix system, the NexFrame 
tower is a standardized frame that is adjusted dur-
ing targeting, so it does not require the overhead 
in time required to manufacture the STarFix 
frame. Also, it is comprised of disposable com-
ponents and therefore does not require the need 
to be recalibrated like traditional frames after 
repeated use.

The workflow follows a similar, albeit shorter, 
timeframe to the STarFix system. In stage I, the 
patient undergoes implantation of four to six 
bone fiducial markers that are used for rigid reg-
istration. This can be performed on the day of 
surgery or 1–2  days prior. CT images with the 
fiducials in place are obtained and merged with 
the preoperative MRI on the StealthStation. 
Target selection is performed in a standard fash-
ion relative to the AC-PC landmarks. The centers 
of the fiducials are then marked, and the entry 
point is selected. A standard burr hole is created 
overlying the entry point, and the burr hole cover 
base is attached to the skull to act as a base for the 
NexFrame and the reference arc. The fiducial 
markers are then used to register the patient space 
using optical tracking. The tower is assembled 
and attached to the base to align with the target. 
The NexDrive is then attached with light- emitting 

diodes to track the electrodes’ location. The final 
tract can still be adjusted but is limited by the 
excursion of the tower. The base allows for two 
possible movements: 360° of rotation and 25° of 
angling in any two directions.

The largest case series using the NexFrame 
included 60 patients with 119 electrode implanta-
tions over an 18-month period [10]. In this case 
series, both stages were done in the same setting 
and under general anesthesia. The mean targeting 
error was 1.24 ± 0.87 mm across all targets (STN, 
GPi, and VIM) and was correlated with the dis-
tance from the ventricle. No frame-related com-
plications were reported.

The NexFrame shares similar advantages with 
the STarFix system in terms of patient comfort 
and bilateral simultaneous trajectories. 
Additionally, it does not require the manufactur-
ing time required for the STarFix system with a 
significantly shorter workflow that can be done in 
the same day. Although accuracy in experienced 
hands is comparable to other framed and frame-
less systems, there is a learning curve to pointing 
and tightening the frame to secure the trajectory. 
This can lead to a lack of reproducible precision 
in less-experienced hands.

 System Comparison

The aim of stereotaxis is to reach the intended 
target with minimal error. This is usually mea-
sured by accuracy and precision. Accuracy mea-
sures how far the trajectory was from the intended 
target, while precision measures how wide the 
variation in the trajectories is. Accuracy can be 
measured through the targeting error, while pre-
cision relates to the standard deviation of that tar-
geting error. Both systems show comparable 
accuracy to each other and to traditional frames 
(Table  1.1). There is a wide variation on the 
reported accuracy of each system, but there is a 
clear trend in improved accuracy across time as 
groups become more familiar and adapt at their 
use [11].

Conceptually, the mini-frame systems use the 
coordinate system in the patient’s imaging rather 
than having an internal coordinate system as seen 
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in traditional frames affording more flexibility. 
Both the STarFix and NexFrame systems offer 
better patient comfort by obviating the need for 
rigid fixation to the table. However, robotic sys-
tems still require the patient to remain in a rigid 
head clamp even if frameless registration is used. 
All systems use skull-mounted fiducials for reg-
istration, but the NexFrame and robotic system 
offer the option of surface-based deformable reg-
istration. Finally, all systems except for the 
STarFix system can be deployed in the same day.

 Conclusion

Overall, the advent of these novel systems has 
provided a variety of solutions to improve patient 
comfort and surgical efficiency while maintain-
ing accuracy and precision. They have grown to 
comprise a substantial percentage of DBS surger-
ies nationally, and their application to other ste-
reotactic surgeries like LITT and SEEG may 
expand their utilization in the future. The increas-
ing availability of volumetric imaging and robotic 
or rapid manufacture techniques has enabled 
these stereotactic approaches and may provide 
further novel solutions as underlying technolo-
gies continue to improve. Under this influence, 
the traditional definitions of “framed” and “fra-
meless” strategies are becoming less meaningful. 
The comfort and precision of stereotactic surgery 
are continuing to improve as such innovative 
technologies are applied.
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Stereotactic Robots

Omaditya Khanna, Caio Matias, 
Geoffrey P. Stricsek, and Chengyuan Wu

 Introduction

The Robot Institute of America defines robots as 
a “reprogrammable, multifunctional manipulator 
designed to move materials, parts, tools, or other 
specialized devices through various programmed 
motions for the performance of a variety of 
tasks.” The use of robotics in functional neuro-
surgery holds large promise: robots have the 
potential to increase the accuracy and precision 
of targeting miniscule lesions and provide sur-
geons with increased dexterity via minimally 
invasive techniques to access important deep- 
seated anatomic structures in the brain in a safe 
and effective way. Robots confer the ability to 
perform complicated, often repetitive tasks, with 
great precision; it is for this reason that robots 
have garnered more widespread use in the sub-
specialty of functional neurosurgery. Given the 
increasing complexity of surgical procedures 
performed, the need for a high degree of accuracy 
in stereotaxy is well addressed by robotic solu-
tions, which has led to their increased use in 
modern neurosurgical practice.

The use of robotic stereotaxy is the latest tech-
nology that builds on the historical trend of the 
need for improved anatomic and radiographic 
accuracy in the field of neurosurgery. Early for-

ays into stereotaxy, dating back to the late 1800s, 
were constrained by the wide variability between 
bony landmarks and intracranial targets. Frame- 
based stereotaxy (detailed extensively in Chap. 1) 
dates back to the late nineteenth century, when it 
was first used by Gaston Contremoulins, a self- 
educated scientist, to remove two intracranial 
bullets [1]. Spiegel and Wycis further improved 
the use of stereotactic approaches for intracranial 
surgery in 1947, by pairing pneumoencephalo-
grams with intracranial reference points [2]. The 
need for a reliable accuracy in stereotaxy natu-
rally lends itself to the use of surgical robots. 
Nowadays, three-dimensional imaging is 
obtained that, in conjunction with stereotactic 
systems, is used to devise trajectories that allow 
for the precise targeting of intracranial structures. 
Robots can supplement the surgical workflow by 
having the surgical plan programmed into the 
machine, to be subsequently executed with 
robotic precision during the course of the 
surgery.

Robots may be integrated into a surgical 
workflow as either an active or passive system. 
An active system is one in which the robot can be 
manipulated in real time and interacts with the 
patient throughout the course of surgery as it is 
being wielded by the surgeon. A passive system, 
on the contrary, functions to hold a surgical tool 
in a predetermined fixed position in order to pro-
vide improved stability to the surgeon, with the 
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surgeon ultimately actually carrying out the 
movements directly.

In addition to describing robotic systems as 
either active or passive, there are three broad 
categories which robotic systems may be cate-
gorized. A telesurgical system is one where the 
surgeon directly controls each movement of the 
machine; the robotic arm acts as a conduit for 
each manipulation performed by its user. The 
most well-known telesurgical system is the da 
Vinci system (Intuitive Surgical, Inc.; 
Sunnyvale, CA), which has garnered use across 
multiple surgical disciplines. The second type of 
system is a supervisory controlled system, in 
which the machine is pre-programmed with 
actions which are autonomously performed by 
the robot, under the close supervision of the sur-
geon. Lastly, shared-control models are systems 
that allow the surgeon and the robot to concur-
rently control the motions carried out during an 
operation [3].

The first use of a robot for a neurosurgical pro-
cedure was in 1985, via the Programmable 
Universal Machine for Assembly (PUMA) 
device, which represented a passive robotic sys-
tem. A patient with an intracranial lesion was 
placed in a stereotactic head frame and under-
went target localization using a CT scan. The tar-
get coordinates were programmed into the 
PUMA robot, aiding the surgeon to devise an 
accurate trajectory to the target lesion and also 
avoid critical structures along the biopsy path [4]. 
The MINERVA system, introduced in the 1990s, 
offered integration of a robotic system with CT 
guidance to allow a surgeon to monitor instru-
ment position and progress in real time [5]. 
Although both of these early systems have since 
been discontinued, the last two decades have 
brought about an increasing number of innova-
tive robotics designed to help carry out complex 
neurosurgical procedures.

Integration of robots into the neurosurgical 
operating room offers many benefits, but also has 
inherent limitations, for both the patient and the 
surgeon. This chapter will provide an overview of 
the use of robotics in the field of stereotactic and 
functional neurosurgery, including various types 
of robotic systems available for commercial use, 

its benefits and disadvantages, and its current and 
future applications for use in neurosurgical 
procedures.

 Workflow of a Robotic 
Neurosurgical Procedure

The integration of robotic systems into the neuro-
surgical workflow presents both opportunities 
and challenges to the surgeon. Navigated and 
robotic systems achieve accuracy and workflow 
benefits using a series of accurate alignments 
between preoperative images, intraoperative 
tracking tools, and the patient’s relevant anatomy. 
The following is an overview of the various 
stages of robot-assisted neurosurgical proce-
dures, each of which must be carried out care-
fully in order to achieve accuracy and success.

 Preoperative Three-Dimensional 
Imaging

The basis of image-guided procedures is the 
acquisition of a high-resolution three- dimensional 
(3D) image to delineate the relevant anatomy. 
This can be achieved via a CT scan, MRI, angio-
gram, an intraoperative tomographic scan, or a 
combination of these images fused together. It is 
important to note that the overall efficacy of a 
robotic system is limited by the quality and accu-
racy of preoperative imaging obtained: if slice 
thickness is too coarse or if there are significant 
imaging artifacts, both of which can limit the 
quality of 3D reconstruction, the achievable 
accuracy rendered by the robot may be compro-
mised. Indeed, the capabilities offered by robot-
ics and its ever-increasing use in neurosurgery 
have followed technical advancements in the 
quality of imaging surgeons are able to obtain.

 Trajectory Planning

Based on the 3D anatomical image, the surgeon 
determines a desired trajectory, which encom-
passes the tract between the entry point and set 
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target point. The planned trajectory should  ideally 
avoid traversing through, or abutting, critical 
structures (such as blood vessels), sulci and ven-
tricular system when possible, and important 
white matter tracts (see Chap. 5 for a more in- 
depth description). The preoperative imaging 
obtained allows the surgeon to devise trajectories 
using a probe’s eye view, providing a view of the 
devised tract(s) in a reconstructed plane along the 
cross section of the trajectory. In the case of ste-
reoelectroencephalography (sEEG), multiple tra-
jectories have to be carefully planned to ensure 
that each one can be inserted safely and still be 
efficacious (see Chap. 23 for a more detailed dis-
cussion of planning invasive monitoring for 
epilepsy).

 Registration

This is the key step that aligns the preoperative 
3D imaging and planned trajectories with the 
actual patient position in the OR, by co- localizing 
a mutually reliable landmark appreciable on 
imaging and the patient’s body itself. There are a 
number of different ways of achieving this regis-
tration, each with workflow and accuracy trade- 
offs. Options include mechanical based surface 
registration using facial features or bone fiducial 
registration (where a surgeon uses a probe to 
specify the location of anatomy, which is co- 
localized on the preoperative image). The use of 
frame-based or bone fiducial-based registration 
confers a higher degree of accuracy between pre-
operative imaging and intraoperative position [6].

 Delivery

Once the preoperative plan has been registered to 
the intraoperative patient anatomy and position, 
the robot is used to execute the preplanned trajec-
tory by moving its surgical arm into the correct 
position. Accuracy of the overall operation also 
relies on the accuracy of all prior steps and the 
precision in this step – ensuring the robot is hold-
ing the guide in the proper position relative to the 
plan. This is especially true when multiple trajec-

tories are being executed for the placement of 
several leads, where each subsequent one is sub-
ject to small changes in cerebral surface locations 
(brain shift) [7], owing factors such as cerebro-
spinal fluid egress, pneumocephalus, and gravita-
tional effect.

 Postoperative Verification

After completion of the surgical procedure, it is 
important to verify the accuracy of the delivered 
plan, not only to evaluate the accuracy and effi-
cacy of the surgery itself but also to quantify any 
errors with the intent to correct for them in future 
procedures. Systematic errors within an institu-
tional system (which can be different based on 
target and application) can and should be recog-
nized and compensated for based on continuous 
assessment and implementation of corrective 
measures.

 Clinical Applications of Robotic 
Stereotaxy

Recent technological advances in surgical robot-
ics have heralded its use for a wide range of neu-
rosurgical procedures, including stereotactic 
biopsies of tumors [5], deep brain stimulation 
(DBS) electrode placement [8], placement of 
sEEG electrodes for evaluation of medically 
intractable epilepsy [9], ventricular catheter 
placement [10], and laser ablation procedures 
[11]. This section provides an overview of the 
various stereotactic procedures that have success-
fully incorporated the use of robots into neuro-
surgical workflow with excellent results.

 Stereotactic Biopsies

Frame-based stereotactic biopsies have been the 
gold standard for deep-seated lesions that are not 
amenable to open surgical biopsy or resection, in 
order to provide a histopathologic diagnosis that 
is used to guide further treatment. Over the past 
decade, stereotactic robots have been used to 
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 perform these biopsies, using both frame-based 
and frameless methods.

One study of 15 biopsies of brain stem lesions 
using frameless robotic stereotaxy yielded an 
87% success rate of histopathological diagnosis 
on the first attempt. Out of the adults who under-
went robotic-guided biopsy, two experienced 
transient neurological deficits, and one patient 
suffered permanent deficit [12]. A separate study 
found a diagnostic yield of 99% for pineal-area 
lesions [13]. In recent systematic review of 15 
publications encompassing a total of 328 robotic 
brain biopsies performed, Marcus et al. found a 
diagnostic yield of 75–100%, with a target-point 
accuracy ranging from 0.9 to 4.5  mm. Taken 
together, these findings give credence to the use 
of robots to safety and efficiently perform intra-
cranial biopsies, with or without the use of frame- 
based systems [14].

 DBS Electrode Implantation

The targeted ablation and implantation of elec-
trodes into deep-seated brain nuclei have signifi-
cantly impacted the treatment of movement and 
neuropsychiatric disorders such as Parkinson’s 
disease, essential tremor, and medically refrac-
tory depression. The efficacy of DBS treatment is 
predicated upon the accurate placement of leads 
within the target brain nuclei, with a target-point 
error of under 3 mm that is often required [15]. 
Robots are uniquely suited to help carry out 
placement of DBS leads, primarily owing to its 
ability to modify the entry and target points with-
out onerous manipulation associated with utiliz-
ing frame-based systems.

Frame-based stereotaxy has historically been 
the gold standard for achieving accuracy in DBS 
electrode implantation [16]. Differences in ste-
reotactic accuracy and methodology between 
frame and frameless systems are discussed in 
Chap. 1. One should be cognizant though that 
while there may be differences in stereotactic 
accuracy, these differences may not translate into 
clinically meaningful differences [17]. Still, as a 
principle, stereotactic surgeons strive to achieve 
stereotactic accuracy under all circumstances.

Robots may offer specific advantages for 
implantation of DBS leads because of their fidel-
ity to carry out planned trajectories whether using 
frame-based or frameless system. In a study that 
evaluated the accuracy of DBS lead placement in 
30 basal ganglia targets, the in  vivo accuracy 
using a robotic system was found to be within 
1 mm of the intended target, comparable to the 
accuracy conferred with using stereotactic frames 
[18]. Varma et  al. published a single-institution 
case series of 113 DBS lead placements using a 
robotic system, reporting a mean error of 1.7 mm 
from the intended target-point placement, and 
only in three cases was the deviation greater than 
3 mm. Highlighting the importance of assessing 
functional differences that may result from dif-
ferences in stereotactic accuracy, patients under-
going DBS placement using a robot were found 
to have improved activity of daily living (ADL) 
scores and significant improvement in their motor 
fluctuations that persisted at 18  months follow-
 up, results similar to those reported previously 
using traditional frame-based stereotaxy [19].

 sEEG Electrode Placement

The placement of sEEG electrodes serves as an 
option for the workup of drug-resistant epilepsy 
when the epileptogenic focus cannot be identified 
via noninvasive approaches and when invasive 
monitoring is necessary. The ability to place mul-
tiple sEEG electrodes helps encompass both cor-
tical surface and deep matter structures, from 
which real-time electrophysiological activity can 
be recorded. The need to place multiple leads 
within deep-seated areas of the brain while avoid-
ing critical structures along each planned trajec-
tory is repetitive, time-consuming, and prone to 
error due to the need for constant human inter-
vention and adjustments of frame coordinates. 
This presents a challenge that robotic systems are 
uniquely well-suited to help address. Robots are 
indefatigable; the ability for them to execute tra-
jectories that have been planned by the surgeon in 
advance of the day of surgery carries a lower 
chance of misplaced leads, thereby decreasing 
the risk of perioperative complications and 
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 operative times. As such, the placement of sEEG 
electrodes represents the most commonly per-
formed functional neurosurgical procedure for 
which robots are utilized [20].

The earliest reported use of robotic-assisted 
implantation of sEEG electrodes was in 2005 by 
Cossu et  al.: 17 out of 211 patients underwent 
placement of sEEG electrodes using a robot, and 
the remainder were implanted manually using the 
traditional stereotactic frame-based methodol-
ogy, with similar rates of seizure freedom 
between the two groups [21]. In a separate study 
evaluating placement of 1050 sEEG leads using 
robotic assistance in 81 patients showed a 6% 
risk of perioperative minor complications with-
out any mortalities, comparable to manual lead 
implantation. The median target-point error was 
found to be 1.77  mm for robotic cases, signifi-
cantly lower compared to those inserted manu-
ally (2.69 mm) [22]. Given the similar accuracy 
and rates of complications, these early case series 
gave credence to the use of robotics for sEEG 
placement, prompting more surgeons to adopt its 
use in the operating room.

Abhinav et  al. chronicled their initial experi-
ence after adopting the use of a robotic system for 
implanting sEEG leads in five adults and found 
that their total operative time was higher (mean 
5.6  hours compared to 3.1  hours), owing to the 
implementation of an entirely new surgical work-
flow [23]. A more recent study that evaluated the 
efficacy of implanting sEEG leads using the 
ROSA robot found similar rates of complications 
between the robotic-assisted patient cohort (4%) 
compared to leads inserted manually using a 
frame-based technique (3%); however, the use of 
the robot resulted in markedly decreased surgical 
times by a mean of 222 minutes. Of the patients 
who subsequently underwent resection of seizure 
foci based on their sEEG findings, 66% were sei-
zure-free at 18  months follow up [24]. Taken 
together, these results, along with other case series 
that have showcased similar results, demonstrate 
that robotic-assisted sEEG lead placement is a 
safe, effective, and efficient technique for evalua-
tion of epileptogenic foci and accounts for the 
most commonly performed robotic procedure in 
the field of functional neurosurgery.

 Laser Ablation of Intracranial Lesions

Stereotactically applied laser interstitial thermal 
therapy (LITT) using real-time MRI guidance 
has been used to treat a wide variety of pathol-
ogy, including epileptogenic foci and deep-seated 
intracranial lesions [25]. The success of these 
procedures necessitates accurate placement of 
the focus of the laser treatment within the core of 
the intended target. As such, the use of robotic 
systems has been shown to be a safe, efficient, 
and minimally invasive treatment to achieve sur-
gical success.

Calisto et al. published their short case series 
on robotic-guided LITT of hypothalamic hamar-
tomas. Although the study did not discuss the 
accuracy of lesion targeting, they found the pro-
cedure to be a safe and effective means of achiev-
ing seizure freedom, with 15.4% of patients 
having mild memory impairment postoperatively 
[26]. Gonzalez-Martinez et  al. published their 
operative technique whereby they utilized a 
robotic system to guide placement of a laser cath-
eter into the target epileptogenic lesion located 
adjacent to the right frontal horn and caudate 
nucleus. Interestingly, this proof of concept arose 
from the authors’ familiarity and success of using 
a robotic system for placement of sEEG elec-
trodes at their institution [11]. Thus, it is feasible 
that as robots gain more widespread use and sur-
geons become more familiar with its use, robots 
will become more frequently used in a wider 
variety of stereotactic procedures.

 Robotic Systems

Three major robotic systems are used commonly 
for intracranial applications. This section will 
focus on providing a brief overview of the work-
flow and capabilities of each robotic system 
intended for intracranial use.

 Neuromate Robot (Renishaw)

The Neuromate robotic system by Renishaw 
(Wotton-under-Edge, UK) gained FDA approval 
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for cranial procedures in 2014. The Neuromate 
robot provides surgeons five degrees of freedom 
and serves as a platform to carry out a broad 
range of intracranial stereotactic applications 
(Fig. 2.1).

Preoperative MRI scans, which may be sup-
plemented with functional, vascular, or bone 
imaging, are used to plan trajectories to intracra-
nial structures/lesions of interest in advance of 
the date of surgery. Registration can be performed 
using a conventional stereotactic frame fiducial 
box or a frameless registration module. When a 
fiducial box is utilized, the workflow consists of 
the following steps: the frame is affixed to the 
patient’s head; a volumetric CT scan is acquired 
with the fiducial box on (usually in a diagnostic 
CT suite); the fiducial rods are automatically or 
manually localized using the planning software; 
once in the operating room, the patient’s head is 
fixed directly to the base of the robot via the ste-
reotactic frame, thereby securing the cranium at a 
fixed and predetermined length from the base of 
the robotic arm. The workflow for the frameless 
method is somewhat different. The frameless reg-
istration module consists of five synthetic round 
fiducial markers and carbon fiber rods that are 

attached to the laser holder and the robot arm. 
Once the patient is in the operating room, these 
fiducial markers are positioned closely to the 
head and an intraoperative CT scan is acquired. 
Finally, the stereotactic planning software identi-
fies the center of each fiducial mark and registra-
tion is complete. When the robot is activated by 
the surgeon, the pre-entered coordinates direct 
the robotic arm into the correct entry point and 
target angle. The surgeon then inserts the leads to 
the targeted depth (this has also been calculated 
during preoperative planning, based on the dis-
tance from the target that the robotic arm is set), 
with the robotic arm providing improved control 
and stability. This process can be repeated, as 
necessary, for all leads that are intended to be 
implanted.

The entry- and target-point error rendered by 
the Neuromate robot has been studied and cor-
roborated in a several studies investigating its use. 
In one study, entry-point error for frame- based 
application using the Neuromate robot was found 
to be 2 mm or less [22]. Frame-based target- point 
error has been reported to be between 0.86 and 
1.77  mm, conferring a slightly higher accuracy 
compared to frameless application [18, 19, 27].

Fig. 2.1 The Neuromate robot gained FDA approval for 
intracranial procedures in 2014. (a) The patient is affixed 
to the robotic platform at a fixed length, and registration 
can be performed via frame-based or frameless applica-

tions. (b) An O-arm is often used in conjunction with the 
robotic system, which requires copious operating room 
space, and limits the space available for surgical staff 
while carrying out the procedure
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 Renaissance Guidance System  
(Mazor Robotics)

The Renaissance guidance system from Mazor 
(Caesarea, Israel) provides the surgeon with six 
degrees of freedom. It was initially designed for 
use in spine surgery, gaining FDA approval for 
this application in 2004, before it was expanded 
for use for intracranial stereotactic procedures in 
2012 (Fig. 2.2).

The Renaissance robot cannot be used in con-
junction with traditional frame-based stereotaxy. 
Instead, a platform marker is mounted to the skull 
to serve as a surface marker, and an intraopera-
tive CT scan is obtained. These images are then 
co-registered with a preoperative MRI, thereby 
allowing the software to interpret planned trajec-
tories devised preoperatively in conjunction with 
the reference platform. Then, the guidance unit, 
which is the size of a beverage can, is affixed to 
the platform; the Renaissance system provides 
360° working volume to access and execute vari-
ous entry- and target-point trajectories, as needed. 

At the same time, this design serves as a limita-
tion of the Renaissance system, as it cannot be 
used for sEEG implantation, owing to the limited 
reach of its robotic arm.

At the time of publication, there have been 
no peer-reviewed articles published on the accu-
racy of the Renaissance robotic system; how-
ever, in a white paper published in 2014 that 
outlined a retrospective case series of 20 subtha-
lamic nucleus (STN) implants at a single institu-
tion, the mean target-point error was found to be 
0.7  +/−  0.36  mm, lower than using a Leksell 
frame (1.7 +/− 0.6 mm) [28].

 ROSA (Zimmer Biomet)

The ROSA robot from Zimmer Biomet (Warsaw, 
Indiana, USA) gained FDA approval for cranial 
surgery in 2010. The ROSA affords the surgeon 
six degrees of freedom. The ROSA robot is the 
only available system that can be used for endos-
copy procedures in the United States, thereby 

a b

Fig. 2.2 The Renaissance robotic platform robot gained 
FDA approval for cranial surgery in 2012. (a) The 
Renaissance robotic platform provides its own software 
which can be used to co-register preoperative imaging 
with an intraoperative CT scan. (b) A small reference 
frame is affixed to the patient’s skull, and then a guidance 

unit, which contains the robotic arm, is secured to the 
base. The small, frameless platform utilized by the 
Renaissance robot provides a 360 degree working vol-
ume, allowing for the execution of a wide range of planned 
trajectories
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reducing the risk of traction-related injuries by 
providing a stable mechanical holder for the 
endoscope [29] (Fig. 2.3).

Like the other robotic systems, the surgeon 
plans entry-point and target trajectories preopera-
tively. The ROSA system also offers frame and 
frameless registration methods. For the frame- 
based approach, the robot captures points on a 
specific case that is attached to the frame. For the 
frameless approach, the ROSA system offers its 
own unique laser registration system that auto-
matically captures individual points on the 
patient’s face and forehead. After registration is 
complete, the robot can be locked in position at a 
fixed distance from the patient’s skull, in order to 
maintain accuracy throughout the duration of the 
surgery. The ROSA system is the only robot that 
provides haptic feedback to the operator, thereby 
allowing the surgeon to directly manipulate the 
robotic arm in any desired direction, in a manner 
analogous to a stereotactic arc.

The ROSA robotic system has been shown to 
be a highly effective stereotactic system with a 
wide range of clinical applications, including 
LITT, responsive neurostimulation, and sEEG 
[30]. In one study evaluating sEEG electrode 
implantation, entry-point error was shown to be 
less than 2 mm in more than 90% of cases, and 
targeting error is less than 2 mm in 83% of cases 
[24]. Another single-institution case series evalu-

ating placement of 222 sEEG leads in pediatric 
patients (mean 11.1 leads per patient) reported a 
mean radial error of 1.75 +/− 0.74 mm, with no 
associated postoperative complications from lead 
placement and monitoring. The mean total case 
time was 297.95 ± 52.96 minutes, and the mean 
operating time per lead was 10.98 minutes, with 
improvements in total (33.36 minutes per lead vs 
21.76 minutes per lead) and operative (13.84 min-
utes vs 7.06  minutes per lead) case times/lead 
over the course of the study [31].

 Advantages of Robots

The integration of robots into neurosurgical pro-
cedures offers many benefits for both the patient 
and the surgeon. Robots inherently provide their 
operator the ability to carry out repetitive tasks in 
a safe and efficient manner, provided that the 
plan programmed into the system is accurate. In 
a stereotactic surgery, each trajectory employed 
requires adjusting and conforming various coor-
dinates in order to ensure its correct placement. 
As the number of trajectories increases, so, too, 
does the opportunity for error. Robots can 
decrease this risk of error by limiting the amount 
of human manipulation and transposition of the 
operator arm. Furthermore, by setting up the 
workflow such that the entry- and target-point 

a b c

Fig. 2.3 The ROSA robot gained FDA approval for cra-
nial surgery in 2010 and exists as a free-standing system. 
(a) The ROSA robotic system provides its own software 
that can be used to plan trajectories preoperatively. (b) In 
the operating room, the ROSA system provides haptic 

feedback while carrying out the surgical procedures, 
affording the surgeon to manipulate the arm directly to its 
desired location. (c) The ROSA robot has been used 
extensively for placement of sEEG leads
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coordinates are entered into the robot preopera-
tively, the error associated with interpretation of 
frame coordinates during the surgical procedure 
itself is reduced as well.

The use of frame- and arc-based systems for 
stereotactic localization of target points does, in 
fact, confer a high degree of submillimeter preci-
sion, and this system has been used widely prior to 
the advent and adoption of surgical robots. 
However, their existing design in which the entry 
point of a trajectory is determined by the less pre-
cise arc and ring coordinates serves as a major 
limitation, owing to the higher degree of human 
interpretation inherently present while adjusting 
settings. There are a few studies that have com-
pared the accuracy of entry-point error between 
frame-based systems and robotic systems, each of 
which has shown a comparable error rate (less 
than 2 mm in most cases), thereby showing its reli-
ability in executing the planned trajectories [32].

Current frame- and arc-based systems limit 
the surgeon’s choice of entry points. In sEEG 
implantations, for example, in which the trajecto-
ries are oriented in a lateral to medial, there is a 
need to be able to plan trajectories that start from 
a more caudal position. The Leksell frame offers 
an entry point within an arc of 170°, slightly bet-
ter than utilizing a CRW frame, which confers an 
arc range of 120°. Depending on the configura-
tion of the arc of the frame, collisions between 
the platform and the frame base limit the extent 
of trajectories that can be planned compared to 
those feasible with a robot.

Once a surgical team has learned how to effec-
tively employ robotic systems to their surgical 
workflow, this should lead to decreased total sur-
gical times. Indeed, the value of decreased OR 
time is not insignificant; one study cited an aver-
age decrease in OR time of over 3 hours when 
compared with traditional stereotactic frames 
[24]. Decreased length of surgery also serves to 
reduce surgeon fatigue and, ultimately, to mini-
mize the risk of incurring adverse events, includ-
ing postoperative infections.

An additional advantage to adopt robotics into 
neurosurgical practice is the ability to boost the 
commercial appeal of the hospital and perception 
of the procedure itself. The term “robot” leads 

patients to perceive that the procedure itself is 
cutting edge and to the reckoning that the hospi-
tal must be on the forefront of innovation and 
technology. A recent study quantified the effect 
of marketing robotic surgery as “innovative” or 
“state of the art” and found that greater than 30% 
of patients would choose to undergo a novel pro-
cedure over a conventional alternative if it was 
framed in this manner [33]. As such, if the safety 
and efficacy of both conventional and novel tech-
niques are at least equal, providing the “state-of- 
the-art” robotic alternative may provide not only 
a marketing advantage but also greater confi-
dence in the surgeon’s capabilities.

 Disadvantages of Robots

Although robots have been utilized with increased 
prevalence in neurosurgical practice, adopting 
their use presents its own set of challenges. The 
operating room itself has to be spacious enough 
to house the robot system and to accommodate 
the surgeons, anesthesiologists, nurses, techs, 
and company representatives involved in the 
case. Furthermore, there is a learning curve asso-
ciated with the adoption of the robotic system in 
the operating room. For intracranial procedures 
such as DBS and sEEG electrode placement, the 
surgeons and the support staff must be familiar 
with the nuances of incorporating the robot into 
the surgical procedure, which includes sterile 
draping of the robot, understanding when and 
where the robotic arm should and should not 
move, and how to preserve efficient instrument 
passing between the operator and assistant(s) 
within the constraints of the limited workspace 
around the patient and robot position. Like any 
piece of complex machinery, robots are suscepti-
ble to malfunctioning, which can occur at any 
stage during a procedure. Furthermore, its cali-
bration may become less precise over time, com-
promising its accuracy. As such, regular servicing 
and maintenance must be scheduled.

Frame-based systems offer a real-time verifi-
cation of target engagement through the use of 
cross hairs and fluoroscopy. Robotic systems do 
not have similar accessories; thus, unless an 
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intraoperative CT scan is obtained, the plan exe-
cuted by the robot is inherently reliant on the 
accurate imaging fusion and registration. Indeed, 
one may utilize a frame in conjunction with the 
use of a robot, thereby affording the surgeon to 
corroborate the target point manually by setting 
the coordinates of the frame, but doing so negates 
the increased efficiency conferred by utilizing a 
robotic system.

Purchasing a robotic system for use at a hospi-
tal carries a steep expenditure upfront and subse-
quent costs for proper maintenance and servicing 
of the robot and its software [34]. These costs, 
however, must be weighed against the savings 
achieved by reducing total operating room time. 
Three years after adopting a robot at our institu-
tion, our surgical time for placement of bilateral 
DBS leads and battery typically spans just over 
2 hours, and the placement of 10–16 sEEG leads 
clocks in at around 3 hours, considerably shorter 
than when these procedures were carried out 
manually using frame systems. Thus, it is our 
belief that the adoption of robotic systems into an 
established neurosurgical practice confers a wide 
range of benefits and, despite the financial costs 
associated with it, provides great potential for its 
use in a variety of procedures.

 Conclusions and Future Directions

In recent years, an increasing number of robotic 
systems have been designed for and integrated into 
neurosurgical practice. In the field of functional 
neurosurgery, which has historically relied on the 
use of stereotaxy for the localization of intracra-
nial targets, the implementation of robotics in the 
operating room has provided surgeons the advan-
tage of improved accuracy and safety, with less 
damage to critical surrounding structures, and, 
ultimately, favorable clinical outcomes.

As more neurosurgeons adopt the use of 
robotics, new advancements in the technology 
available will continue to take shape based on 
refinements and suggestions that serve to improve 
surgical workflow. As technology continues to 
improve, combined with the feedback provided 
by a larger cohort of neurosurgeons using robotic 

systems, the overall user experience will also 
continue to improve. For example, miniaturiza-
tion of components will lead to a decreased 
robotic footprint and increased portability; and 
improved sensors and applicators will further 
enhance the capabilities and skills of surgeons 
using these systems. Such advancements will 
also improve the reliability and longevity of 
robotics, thereby reducing overall costs. 
Furthermore, improved user interfaces will make 
integrating robotics into neurosurgical practice 
more intuitive, with improved automation of 
perioperative tasks.

Finally, ongoing development may also push 
robots into a greater role in surgical education as 
robots with improved visual and haptic feedback 
can be used to create realistic surgical stimulators. 
There are a few published studies that suggest that 
training with robotic technology may shorten the 
learning curve for surgeon trainees and decreases 
the learning curve for the acquisition of new sur-
gical skills [35]. The ability to use traditional 
frame-based methods in conjunction with certain 
robotic systems also ensures that trainees are still 
taught how to carry out procedures without 
robotic assistance and may lead to a greater appre-
ciation of the benefits robots provide. Indeed, the 
integration of robots into the neurosurgical oper-
ating room offers many benefits for both the 
patient and the surgeon, albeit it requires the 
development of a new operative workflow. We 
believe that continued innovation and technical 
advancements will make robots more prevalent 
for use in a variety of surgical procedures and 
foresee its use becoming more mainstream in the 
field of functional neurosurgery.
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Abbreviations

ANT Anterior nucleus of the thalamus
CT Computed tomography
DBS Deep brain stimulation
FGATIR Fast gray matter acquisition T1 inver-

sion recovery
GPe Globus pallidus externa
GPi Globus pallidus interna
MER Microelectrode recording
MRI Magnetic resonance imaging
MTT Mammillothalamic tract
STN Subthalamic nucleus
UPDRS Unified Parkinson’s Disease Rating 

Scale
VIM Ventral intermediate nucleus

 Introduction

In most deep brain stimulation (DBS) centers 
today, the surgical approach toward appropriate 
lead placement has remained largely unchanged 
over the past two and a half decades. For the most 
part, the accuracy of lead placement is confirmed 
by intraoperative test stimulation and microelec-
trode recording (MER) based on the notion of 
neurophysiologically defined targets. Aspects of 
stereotactic surgery that have evolved include  

surgical planning using high-field preoperative 
magnetic resonance imaging (MRI) and confir-
mation of stereotactic accuracy using intraopera-
tive imaging. With the use of surgical navigation 
for various neurosurgical procedures, intraopera-
tive computed tomographic (CT) and magnetic 
resonance platforms have become increasingly 
ubiquitous. Such technologies have been increas-
ingly adopted for surgical guidance and accuracy 
verification in stereotactic surgery, especially 
DBS implantation. This chapter reviews the basic 
principles of the use of intraoperative imaging for 
verification of stereotactic accuracy in deep brain 
stimulation surgery.

 MRI-Based Anatomical Targeting

The identification of the stereotactic target in 
DBS surgery has traditionally been performed 
using Cartesian coordinates of the targeted 
structure relative to the midcommissural point 
on the basis of stereotactic atlases. Stereotactic 
reference imaging initially consisted of ventric-
ulography [1]. Initial targeting was then adjusted 
for potential inaccuracies and intraoperative 
brain shift using MER to map the electrophysi-
ological target, followed by test stimulation. 
Ventriculography has been largely supplanted 
by MRI, with associated adoption of “direct” 
targeting, wherein stereotactic targeting is based 
on direct visualization of the targeted structure 
on MRI.

The presumption that stereotactic accuracy 
can be used as a surgical end point that  supersedes 
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awake testing or electrophysiological mapping is 
based on the following conditions: (1) the accu-
rate and precise target can be identified on MRI, 
(2) there is little to no brain shift, and (3) registra-
tion and fusion software are accurate. There are 
many reasons why MER and test stimulation are 
useful. The brain may shift within the calvarium 
such that the area being targeted on MRI shifts 
relative to the skull in surgery. Pneumocephalus 
or head position may contribute to this. The 
degree to which brain shift occurs is not com-
pletely understood; however, if the brain does 
shift, then the benefit of demonstrating the lead 
accuracy on the basis of relative position to the 
skull using CT intraoperatively may be limited. 
Another factor is whether the target can be reli-
ably identified purely with MRI; that is, is the 
target an anatomical or electrophysiological tar-
get? Several studies have demonstrated that ana-
tomical location indeed matters, and experience 
over the past several decades has informed MRI 
targeting. The expanded use of MRI-based ana-
tomical targeting in the 1990s was followed by 
the development of high-field MRI and the iden-
tification of specific sequences on which the tar-
geted nuclei can be visualized. Four standard 
targets will be discussed here. Please refer to 
Chaps. 6 and 7 for more in-depth discussions of 
target imaging, including use of additional non-
traditional sequences and network-based and 
connectomic target definition.

 Subthalamic Nucleus

With subthalamic nucleus (STN) targeting, in 
particular, there is a growing body of literature 
reporting that with use of postoperative imaging 
after MER-based DBS, the optimal target for the 
clinically effective lead location is the dorsolat-
eral portion of the STN volume [2–7]. Common 
sequences used for STN visualization include 
fluid-attenuated inversion recovery, T2-weighted 
fast spin echo, and susceptibility-weighted imag-
ing (SWI) (Fig.  3.1). Sequences have been 
obtained in the coronal as well as the axial plane. 
On the axial plane, the STN can be visualized at 
the same plane as the red nucleus, lateral to the 

anterior border of the red nucleus. For targeting 
in the axial plane, the use of the red nucleus as an 
internal fiducial has been reported [8], whereby 
the anterior-posterior position is set at the ante-
rior border of the red nucleus and the lateral posi-
tion is set 3 mm lateral to the lateral border of the 
red nucleus. The position of the target can be fur-
ther refined on the basis of direct visualization of 
the STN. Rather than targeting in the middle of 
the structural signal, the report on postoperative 
motor outcomes by Wodarg et al. [9] found that 
the lead location within the anterior or lateral 
quadrants of the MRI-defined STN was predic-
tive of motor response.

 Globus Pallidus Interna

Sequences that delineate the globus pallidus 
interna (GPi) should clearly demonstrate the bor-
ders of the internal capsule and capture the gray- 
white matter differentiation that separates the 
GPi from the globus pallidus externa (GPe) as 
well as the internal laminae of the GPi. The pro-
ton density [10] and the fast gray matter acquisi-
tion T1 inversion recovery (FGATIR) [11] are 
two MRI sequences on which GPi is well visual-
ized due to the clear demarcation between gray 
and white matter tracts (Fig. 3.2a). The study by 

Fig. 3.1 T2-weighted fast spin echo magnetic resonance 
imaging sequence obtained on a GE 3-Tesla scanner 
shows the subthalamic nucleus (STN) at the level of the 
red nucleus. Stereotactic coordinates of the left STN tar-
get (marker) are (−10.75, −2.25, −4). (Used with permis-
sion from Barrow Neurological Institute, Phoenix, 
Arizona)
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Starr et al. [2] reported motor outcomes follow-
ing GPi DBS for dystonia and reported the elec-
trode locations at the level of the intercommissural 
plane relative to the pallidocapsular border. By 
stratifying electrode location by extent of motor 
improvement, they reported a mean (standard 
deviation) distance from the lead to the pallido-
capsular border of 3.6 (±1.2) mm in patients with 
greater than 70% improvement in the Burke- 
Fahn- Marsden Dystonia Rating Scale. This posi-
tion typically falls between the GPe border and a 
visible internal lamina within the GPi (Fig. 3.2a) 
and approximately 4.5 mm anterior to the mid-
commissural point. Once a trajectory is set (start-
ing with a parasagittal trajectory, or 0° from the 
midsagittal plane, and then moving lateral as 
needed to avoid a sulcus or the ventricle), the tar-
get may be projected to the bottom of the GPi, at 
the level of the dorsal surface of the optic tract 
(Fig. 3.2b).

 Ventral Intermediate Nucleus

Currently, ventral intermediate nucleus (VIM) 
cannot be visualized on most MRI sequences. 
However, there have been reports of VIM visual-
ization, including one that used proton density 

sequences [12] to identify an ovoid hypointensity 
as the VIM (Fig.  3.3). A combination of direct 
and indirect methods can be used for VIM 
DBS. Targeting at the midcommissural plane, the 
anterior-posterior distance is often selected as 25% 
of the distance from the posterior commissure to 

a b

Fig. 3.2 (a) Proton density magnetic resonance imaging 
sequence obtained on a GE 3-Tesla scanner showing the 
borders of the globus pallidus interna, globus pallidus 
externa, and internal capsule. The marker is the target and 
the stereotactic coordinates are (21, 5, 1). (b) Following 
targeting at (or near) the midcommissural plane and set-

ting the trajectory through the appropriate gyrus, the sur-
gical plan is projected 6 mm, to the level of the optic tract; 
the stereotactic coordinates are (21.08, 2.1, −4.25). (Used 
with permission from Barrow Neurological Institute, 
Phoenix, Arizona)

AC

PC

Fig. 3.3 Proton density magnetic resonance imaging 
sequence obtained on a GE 3-Tesla scanner shows the 
ventral intermediate nucleus (VIM). The lateral aspect of 
the VIM signal is targeted. The stereotactic coordinates at 
the marker are (15, −5.25, 0). This image shows a rela-
tively wide third ventricle, and the target is approximately 
4  mm from the internal capsule and 11.5  mm from the 
wall of the third ventricle. (Used with permission from 
Barrow Neurological Institute, Phoenix, Arizona)
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the anterior commissure. Next, the lateral distance 
is approximately 10.5 to 11.5 mm from the wall 
of the third ventricle. Given that the upper 
extremities are represented in the lateral aspect of 
the thalamus, abutting the internal capsule, 
another measurement can be to ensure that one is 
3–4 mm posteromedial to the internal capsule so 
as to avoid capsular adverse effects but not be too 
far away from the internal capsule. These steps 
can be combined with direct visualization for 
final target selection.

 Anterior Nucleus of the Thalamus

The target most commonly used routinely for 
DBS for epilepsy is the anterior nucleus of the 
thalamus (ANT), which is part of the circuit of 
Papez and is connected to the mammillary bodies 
via the mammillothalamic tract (MTT). Similar 
to the GPi, the MTT is well visualized on MRI 
sequences with distinct gray-white matter 
 differentiation, such as proton density and the 
FGATIR (Fig. 3.4a–c). ANT is located at the dor-
sal anterior medial corner of the thalamus, which 
becomes visible as one scrolls to the top of the 
MTT, and a surrounding lamina can be seen 
(Fig. 3.4d). The ANT abuts the ventricle so the 
trajectory is typically transventricular. Care must 
be taken to place all contact into the parenchyma, 
and the top of the MTT target is often selected as 
the target [13].

 Brain Shift

Pneumocephalus and variations in head position 
are two factors that may contribute to the target 
moving from where it appeared to be when the 
surgical plan was made. Preoperative imaging is 
used in conjunction with MER and test stimula-
tion to correct for this error [14].

The brain is floating in the calvarium in a pool 
of cerebrospinal fluid. Therefore, there is a con-
cern that the position of the brain relative to the 
skull may change between the time that preoper-
ative imaging used for stereotactic targeting is 
obtained and the time when the leads are surgi-

cally placed. Over the duration of a DBS opera-
tion, cerebrospinal fluid egress through the burr 
hole can result in pneumocephalus and brain shift 
(Fig. 3.5). This shift can result in the stereotactic 
target moving from where it appeared on preop-
erative imaging. One study of 20 patients under-
going DBS with intraoperative MRI reported on 
the extent of brain shift in deep structures and 
pneumocephalus, finding significant displace-
ment of the anterior commissure but not of the 
posterior commissure with significant displace-
ment of anatomical landmarks, although not in a 
consistent manner across patients [15].

Another factor that may influence brain shift 
is head position. During the preoperative imag-
ing, the head is typically flat, whereas the head 
may be raised during the operation for the pur-
pose of patient comfort or because of factors 
related to respiration. Elevation of head position 
may result in downward brain shift [16]. It is 
most likely that any phenomenon of brain shift is 
a function of the patient undergoing an operation 
and occurs due to factors such as pneumocepha-
lus and head position. This implies that there may 
be steps that can be taken in surgery to minimize 
brain shift. In particular, the degree of pneumo-
cephalus that has been seen in DBS surgery can 
be quite extensive (Fig.  3.5). However, in con-
trast with the experience with standard non- 
image- verified DBS surgery, where brain shift is 
accepted as a matter of course, pneumocephalus 
and associated brain shift of deep brain structures 
have been reported to be minimal when MRI- 
guided and MRI- and CT-verified DBS tech-
niques are used [17–19]. A study of the use of 
intraoperative CT without test stimulation or 
MER among 371 patients showed that when 
compared with surgery without intraoperative CT 
and with test stimulation and MER, pneumo-
cephalus was noted in 66% of patients who 
underwent DBS while awake (31 of 47 patients) 
and 15.6% of patients who underwent DBS with 
a general anesthetic (51 of 324 patients). The 
average volume of air was significantly higher 
among patients who underwent DBS while 
awake than among those who underwent DBS 
with a general anesthetic (8.0 vs. 1.8  mL). In 
addition, undergoing DBS while awake was 
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 associated with significantly larger cortical brain 
shifts (5.8 vs. 1.2 mm) [1]. This may be related to 
longer durations of surgery when using MER and 
awake test stimulation as surgical end points for 

verification of target acquisition compared with 
when stereotactic accuracy is used as an end 
point. This may also relate to differential impact 
on CSF loss of spontaneous respiration compared 

MTT MTT

ANT

MTTMTT

ANT

a b

c d

Fig. 3.4 Proton density magnetic resonance imaging 
sequence obtained on a GE 3-Tesla scanner showing sag-
ittal (a), coronal (b), and axial (c) images of the mammil-
lothalamic tract (MTT), which extends from the 
mammillary bodies to the anterior nucleus of the thalamus 

(ANT). The ANT is surrounded by a laminar border (d) 
and is located at the anterior, dorsal, and medial corner of 
the thalamus, abutting the lateral ventricle. (Used with 
permission from Barrow Neurological Institute, Phoenix, 
Arizona)
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to positive pressure ventilation, the latter of 
which is used with “asleep” DBS implantation.

If the targeted structures are directly visual-
ized on intraoperative MRI, the need to factor in 
brain shift when assessing stereotactic error 
intraoperatively may be reduced. If image fusion 
is performed with the preoperative MRI, then 
brain shift becomes a factor because, although 
the calvarium may have accurately fused between 
the two data sets, the fusion algorithms do not 
account for changes in the brain tissue itself that 
may occur in the setting of brain shift.

 Fusion Algorithms

The image registration (also referred to as fusion) 
software is critical in stereotactic neurosurgery. 
Even when a patient undergoes a preoperative 
MRI with the stereotactic frame and fiducial box 
in place, (1) coregistration is used to overlay the 
target-specific sequences (e.g., T2-weighted fast 
spin echo, proton density) onto the three- 
dimensional (3-D) reference sequence (e.g., 
SPGR or CT), or (2) if a higher-definition 3-Tesla 
MRI scan is desired for target visualization, it is 
often obtained prior to frame placement because 

most stereotactic frames are only approved for 
use in a 1.5-Tesla scanner, and pre- to post-frame 
placement MRI fusion is required. While a ben-
efit of the use of MRI for the registration scan is 
that the image that is being used for formatting 
(i.e., delineating anterior commissure, posterior 
commissure, and orientation) is the same scan on 
which the stereotactic fiducials appear, the use of 
CT for the registration scan has certain advan-
tages. The most noticeable advantage may be 
improved workflow on the day of surgery, 
because the duration of a registration CT is much 
shorter than the duration of a registration and 
planning MRI. There may also be some magnetic 
distortion when using an MRI for registration, 
although the effect of this distortion on accuracy 
has not been fully evaluated. It is important, how-
ever, for each institution to evaluate distortions 
and how this may impact systematic errors in ste-
reotactic planning.

The registration scan is the image to which all 
other images are coregistered. This includes the 
targeting sequences as well as the intraoperative 
imaging to verify lead placement. Therefore, for 
this technology to be reliable, it is important that 
(1) the position of the lead in the brain is actually 
where the surgeon measures it to be on the intra-
operative imaging and (2) if the lead appears to 
be off target, it is indeed off target. Otherwise, 
surgical decisions will be made on the basis of 
erroneous intraoperative data. Furthermore, every 
step in surgery has associated errors (e.g., frame 
error, coregistration error), such that there can be 
an additive effect of these errors whereby what 
one sees is not accurate.

There have been a number of studies that have 
evaluated the reliability of image coregistration, 
validating the accuracy of what one sees, and 
these have supported the reliability of fusion 
technology [20, 21]. A similar study validating 
lead placement as interpreted on a postoperative 
MRI has also been reported [22].

Of note, one purported advantage of interven-
tional MRI, or placing the leads under direct MRI 
visualization, is that the influence of brain shift 
can be factored in because the position of the tar-
geted structure is seen in real time. A distinction 
between MRI-guided versus MRI- or CT-verified 
DBS surgery has thus been made. Still, one must 

Fig. 3.5 Intraoperative computed tomography showing 
extensive pneumocephalus following bilateral deep brain 
stimulation lead placement. The arc supports are seen lat-
erally and the pins are seen anteriorly. (Used with permis-
sion from Barrow Neurological Institute, Phoenix, 
Arizona)
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consider potential advantages of each approach, 
including the quality of target visualization with 
constraints in imaging protocols imposed by 
intraoperative imaging.

 Intraoperative MRI and CT

The global intraoperative imaging market is grow-
ing, largely because of increasing demand for this 
technology in spine surgery [23]. Many stereotac-
tic surgeons may therefore already have intraop-
erative imaging available at their surgical center 
for other applications. Surgical planning using 
anatomical targeting depends on high- quality 
MRI, preferably on a high-field 3-Tesla MRI.

Intraoperative imaging can potentially be used 
for both the stereotactic registration scan and the 
scan with which to verify stereotactic accuracy. 
Stereotactic frame error is one factor that can 
influence stereotactic accuracy. An advantage of 
the use of intraoperative imaging modalities for 
obtaining the registration scan is that the patient 
does not need to move after the scan, which 
reduces the risk that the frame or trajectory 
device may move after image acquisition. The 
trajectory device, whether frame based or frame-
less, is placed, and the trajectory is set using ste-
reotactic coordinates or navigation. This process 
depends on coregistration of the MRI on which 
the surgical plan was established with a stereo-
tactic image used to register the patient. The reli-
ability of coregistration depends on the internal 
algorithm of the software being used as well as 
the quality of the imaging. Additional error can 
come from motion artifact during the preopera-
tive MRI, which may affect the quality of the 
fusion of the various image sets. There are vari-
ous options for MRI or CT currently on the mar-
ket for intraoperative use, some of which are 
described below.

 Intraoperative CT

In the case of CT, there are many options for por-
table imaging modalities, and this portable imag-
ing has translated to intraoperative imaging. The 

cross-utilization of CT imaging in spinal surgery 
and cranial surgery makes the availability of such 
imaging modalities at a given surgical center 
more likely. While intraoperative CT requires 
coregistration with preoperative images, there are 
studies that have shown noninferiority of CT to 
MRI for assessment of lead position [21, 24]. 
Several systems are commercially available, 
including those discussed below.

 O-arm (Medtronic)

The Medtronic O-arm (Medtronic Inc., 
Minneapolis, Minnesota) is a mobile cone beam 
image acquisition system that is widely used in 
spinal surgery for stereotactic navigation of 
instrumentation. There are a number of studies in 
the literature reporting on the use of O-arm with 
DBS [25–28]. CT images are transferred directly 
to the surgical planning station, on which coreg-
istration with a preoperative CT scan can be per-
formed. That same preoperative CT scan will be 
coregistered to preoperative MRIs. The need for 
a preoperative CT scan is due in part to the lower 
image quality when visualizing the soft-tissue 
intracalvarial anatomy. While the O-arm is useful 
for bone-to-bone fusion and visualization of elec-
trodes, verification that coregistration correctly 
matched the soft tissue or the ability to visualize 
an early hemorrhage intraoperatively may be 
suboptimal [29], although improved soft-tissue 
visualization has become available with the new-
est generation device. The current version of the 
O-arm has a high-definition 3D volumetric mode 
that allows for both 20-cm and 40-cm fields of 
view, the latter being capable of including the 
fiducial box for frame-based registration imaging 
(Fig. 3.6a) and the ability to leave the arc on the 
stereotactic frame when scanning after lead 
placement (Fig. 3.6b).

 CereTom/BodyTom (Samsung)

The CereTom is an 8-slice small-bore portable 
CT scanner for the head that is 32 cm in diameter, 
and it has a 25-cm field of view. The BodyTom is 
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a portable 32-slice full-body scanner with an 
85-cm gantry and 60-cm field of view. The 
CereTom was initially introduced as an imaging 
option for hospitals without a CT scanner, to 
image patients in the intensive care unit who are 
too medically unstable for transport to the radiol-
ogy department. It has recently also been placed 
into ambulances to create a mobile stroke unit. 
The use of the CereTom for DBS has been 
reported with frameless skull-mounted trajectory 
devices [30] and with the Leksell stereotactic 
frame [21]. In both of these settings, the CereTom 
was used for both the registration scan (Fig. 3.7a, 
c) and the verification scan following lead place-
ment (Fig.  3.7b, d). While the bore accommo-
dates the hardware used for DBS, it does so with 
very little room to spare. It can be a challenge to 
scan below the orbits, and this limit in the intra-
cranial volume that can be scanned may also 
affect fusion accuracy. An advantage with the 
BodyTom is the larger gantry, which makes it 
usable in spinal surgery, therefore increasing the 
applications for its use in the operating room. It 
also creates more working area for intraoperative 
scans; in particular, the surgeon does not need to 
disassemble the lead delivery systems to fit the 
patient into the bore (Fig. 3.7e, f). However, the 
BodyTom has a much larger footprint, which 
may affect surgical workflow.

 Airo (Brainlab)

The Airo has a 107-cm gantry opening with a 
32-slice helical scan detector array. Similar to the 
BodyTom and the O-arm, the Airo is frequently 
used for spinal instrumentation. This system 
comes with an integrated base that includes an 
operating bed, and it is designed specifically for 
surgical applications. Similar to the O-arm, the 
manufacturer of the Airo also has a surgical plan-
ning navigation platform that is used for stereo-
tactic neurosurgery and which is incorporated 
with the CT scanner in an integrated manner, as 
has been done for the spine. To date, no published 
reports of the use of the Airo for DBS have been 
identified, although the value and workflow 
should not fundamentally differ from those of 
other intraoperative CT imaging systems.

 Intraoperative CT “on Rails” (IMRIS, 
Siemens)

In addition to the use of portable CT scanners as 
intraoperative CT scanners, there are also inte-
grated systems that are built into the operating 
room. The CT is brought to the patient by sliding 
along rails that are mounted on the ceiling or 
embedded in the floor.

a b

Fig. 3.6 (a) O-arm (Medtronic) used intraoperatively 
with the Leksell stereotactic frame with the fiducial box in 
place for acquisition of the stereotactic registration scan. 
(b) The O-arm is positioned for acquisition of the post- 

lead placement computed tomography. A transparent 
drape is placed over the sterile field, and the arc is still in 
place on the stereotactic frame. (Used with permission 
from Barrow Neurological Institute, Phoenix, Arizona)
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a b

c d

e
f

Fig. 3.7 CereTom (Samsung) being used with the 
NexFrame (Medtronic) for registration scan acquisition (a) 
and verification of stereotactic accuracy of lead placement 
(b). The CereTom can also be used with the Leksell frame 
for both registration (c) and lead verification scans (d). The 

BodyTom has a larger gantry and is also used for (e) regis-
tration scan and (f) lead verification scan. (Used with per-
mission from Barrow Neurological Institute, Phoenix, 
Arizona)
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 Intraoperative MRI

MRI has also become more available in the neu-
rosurgical operating suite and is primarily used 
for intraoperative imaging in the setting of neuro- 
oncology for intraoperative assessment of tumor 
resection. The typical setup includes either the 
patient being moved to the magnet for imaging or 
the magnet being moved along ceiling-mounted 
rails into the operating room to the patient (simi-
lar to the aforementioned CT systems). In both 
scenarios, the magnet is kept in a room adjacent 
to the operating suite. One of the purported 
advantages of the latter system (intraoperative 
MRI system; IMRIS) is that the patient need not 
be moved from the operating room during sur-
gery, thus potentially enhancing workflow and 
safety [7]. A recent study reported on the use of 
the IMRIS for 33 patients and found that “frame- 
based DBS implantation under general anesthe-
sia with intraoperative MRI verification of lead 
location is safe, accurate, precise, and effective 
compared with standard implantation performed 
using awake intraoperative physiology” [31].

Alternatively, DBS surgery has been per-
formed with the patient in the bore of a diagnos-
tic MRI, away from the operating room. Many of 
the initial reports of the use of the ClearPoint 
skull-mounted trajectory system for DBS lead 
placement describe procedures that were per-
formed in this setting (i.e., “interventional” MRI 
rather than “intraoperative” MRI). Logistical 
issues here include the opportunity cost of using 
a diagnostic scanner for a surgical procedure 
(i.e., not being able to use the scanner for diag-
nostic purposes during the case and the subse-
quent limited accessibility of the scanner due to 
this limitation). In contrast to preoperative MRI 
(which cannot account for brain shift due to 
pneumocephalus) or intraoperative CT images 
(which need to be fused to the preoperative image 
sets, which is a step that may introduce fusion 
errors), the ClearPoint system uses real-time 
MRI to perform target selection and monitor lead 
placement [32]. So-called MRI-guided lead 
placement therefore has the advantage of detect-
ing lead placement errors as well as other intra-
operative complications, such as hemorrhages, at 

the time of lead placement, rather than after the 
lead has already been placed.

 Stereotactic Accuracy as an End 
Point of Surgery

DBS surgery commonly consists of placing a 
lead through a 14-mm burr hole to a target 
approximately 75–85  mm deep into the skull. 
Typically, a stereotactic error of less than 2 mm 
is deemed to be necessary for successful thera-
peutic stimulation. A study reporting the man-
agement of referred DBS failures found that 
when lead location was judged quantitatively, 
46% of referred patients had misplaced elec-
trodes [33]. An earlier study [34] reported that in 
a review of the literature, the inaccurate place-
ment of MER- guided lesions or DBS electrodes, 
as assessed on published MRI figures, was com-
mon. Quantitative analysis of the precise loca-
tion of the lead following placement using 
postoperative imaging requires the surgeon to 
complete the operation and later return to the 
operating room, load the imaging onto the plan-
ning station, and merge the images before being 
able to document the stereotactic error. This is 
not a common practice; that is, before the adop-
tion of intraoperative CT and MRI in the DBS 
surgery workflow, it was not a standard step to 
document stereotactic error intraoperatively on 
the basis of analysis of a post- implant image on 
a surgical planning station and compare final 
lead placement to the intended target. However, 
given the increasing availability and adoption of 
such technology, the standardization of this step 
into DBS surgery is possible and may offer 
advantages.

Regarding the growing use of intraoperative 
CT in spinal surgery for verification of hardware 
placement, one surgeon wrote that, “It is intuitive 
that our intraoperative threshold for revising a 
less than ideally placed implant would be much 
lower compared with when we are faced with the 
same information postoperatively” [35]. Were a 
misplaced lead to be identified on a postoperative 
CT or MRI, the surgeon would have to take the 
patient back to the operating room and reopen the 
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incision, whereas with an intraoperative CT or 
MRI, the incision is already open and the stereo-
tactic devices are already in place for reposition-
ing of the lead; intuitively, the surgeon is therefore 
more likely to correct for the error. The use of 
intraoperative imaging for verification of stereo-
tactic accuracy is therefore important because (1) 
stereotactic accuracy matters and (2) the likeli-
hood of correcting for an error is higher when 
such imaging is obtained and analyzed during the 
operation rather than after the operation.

 Implications

The increased availability of intraoperative imag-
ing in the neurosurgical operating room in the 
United States has provided a tool for the DBS 
surgeon to verify that the lead is indeed where the 
surgeon believes it to be. Earlier literature high-
lights that this is not a trivial point and that highly 
experienced surgeons at high-volume surgical 
centers send patients out of the operating room 
with leads that are not positioned where they 
were intended to be positioned despite the use of 
MER and test stimulation.

The reliability of acute intraoperative findings 
is unclear. With regard to MER, Bour et al. [36] 
found that the site of best MER activity did not 
necessarily correlate with the site that showed the 
best clinical response on intraoperative macro-
stimulation testing, and Wodarg et al. [9] found 
that MER was unable to distinguish differences 
in long-term clinical outcomes among patients 
but that lead location within the MRI-defined 
STN was predictive of motor response. Due to 
the acute microlesion effects that occur at the 
time of lead placement, a surgeon may observe a 
symptomatic response despite the lead not being 
at target, and this becomes evident when benefits 
wear off and become refractory to programing. 
Similarly, the surgeon may overinterpret the 
implications of observed side effects, reposition 
the lead away from the source of the side effects, 
and in the process reposition the lead away from 
the most efficacious area for symptomatic con-
trol. There may also be confounders, such as 
patient cooperation in surgery, including patients 

who do not fully wean from conscious sedation 
to the point where they can cooperate in surgery. 
This variability in the performance and interpre-
tation of MER and test stimulation between sur-
geons and across surgical centers may limit the 
ability to standardize DBS surgery.

Stereotactic location of a lead matters and is 
used to evaluate DBS failures. Combining the 
importance of stereotactic location and the inci-
dence of lead repositioning following awake sur-
gery has led the field to consider the role of 
stereotactic accuracy as an end point, without the 
use of intraoperative awake test stimulation or 
MER.  The decades of evaluating lead position 
coupled with high-field MRI that clearly delin-
eates the borders of subcortical structures have 
increased the confidence in direct targeting and, 
when coupled with intraoperative imaging for 
verification of accuracy, make the assessment of 
stereotactic accuracy as a surgical end point fea-
sible. If a surgeon hits his or her target but picks 
the wrong target, motor outcomes will be subop-
timal. Therefore, a critical requirement is that, in 
addition to hitting the target, the surgeon is able 
to pick the right target on high-quality MR 
images.

Many studies over the past decade have 
assessed functional outcomes following image- 
verified DBS surgery without MER or test stimu-
lation under general anesthesia (“asleep”) and 
shown good outcomes [37–39]. Other studies 
have compared outcomes to the standard 
(“awake”) technique and have not shown any dif-
ference [40, 41].

In one study, the investigators conducted a 
long-term and detailed follow-up study on the 
clinical effectiveness of treatment among 82 
patients with Parkinson’s disease who were sub-
jected to asleep STN-DBS treatment [37]. The 
results indicated that the total Unified Parkinson’s 
Disease Rating Scale III (UPDRS-III) score, 
without medication, improved from 68.78 before 
the operation to 45.89 at 1 year after the opera-
tion. Similarly, another study followed a cohort 
of 213 patients with Parkinson’s disease who 
underwent DBS surgery [42]. One-year follow-
 up data were obtained for 188 patients, and 5-year 
follow-up data were obtained for 65 patients. 
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The results indicated that the UPDRS- III score 
improved by 61% at 1 year and by 37% at 5 years. 
In a recent study, the efficacy of DBS surgeries 
performed by the same surgeon in the same sur-
gical center under MER guidance with patients in 
the awake condition and with iCT guidance with 
patients in the asleep condition was reported 
[40]. The study showed that the UPDRS-III score 
improvement with stimulation did not differ 
between awake and asleep groups for the GPi or 
STN target. The percentage improvement in 
Parkinson’s Disease Questionnaire 39 score and 
levodopa equivalent doses was similar for 
awake and asleep groups for both the GPi and 
STN cohorts. In another surgical center, the 
authors analyzed the outcomes of 30 patients 
who underwent asleep DBS and 39 patients 
who underwent awake DBS. The results dem-
onstrated no difference in improvement of 
UPDRS-III or UPDRS-II [41].

In general, on the basis of the published results 
discussed above, the clinical outcomes for patients 
with Parkinson’s disease are similar when final 
lead position is determined on the basis of test 
stimulation and MER versus stereotactic accu-
racy. Given factors such as surgical efficiency, 
patient comfort, and the variability in outcomes 
associated with the standard awake technique, 
reliance on intraoperative MRI and CT for verifi-
cation of lead placement is likely to grow.

 Conclusions

The growing availability of intraoperative MRI 
and CT in neurosurgery has implications for DBS 
surgery. Over the past 15  years, more surgical 
centers have incorporated intraoperative 3D 
imaging to assess stereotactic error at the time of 
lead placement, and the published reports of 
these practices have highlighted the importance 
of stereotactic accuracy in motor outcomes fol-
lowing surgery. Additional benefits include the 
use of intraoperative 3D imaging to obtain the 
stereotactic registration scan as well as improved 
surgical workflow. As intraoperative CT and MRI 
continue to be adopted in DBS surgery, surgical 
centers will continue to evaluate the question of 

whether stereotactic error is an additional data 
point to be considered intraoperatively along 
with MER and test stimulation, or whether ste-
reotactic accuracy alone is sufficiently predictive 
of motor outcomes, such that intraoperative 
imaging may diminish the need for MER and test 
stimulation.
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 Introduction

The principles of stereotactic radiosurgery (SRS) 
were developed by Dr. Lars Leksell and a group of 
colleague physicians and physicists in Sweden 
starting in the 1950s. SRS allows for the accurate 
and precise delivery of focused beams resulting in 
high doses of radiation at the focal volume. Early in 
the development of SRS, rigid frames fixed to skel-
etal anatomy served both to immobilize the patient 
and to localize the target with respect to the deliv-
ery of radiation treatment [1]. With this frame-
based technique, target localization accuracy and 
precision relies critically on the geometric accu-
racy and the mechanical rigidity of the frames as 
well as the reliability of their fixation to patient 
anatomy. Once the frame is attached to the patient, 

the stereotactic coordinates of the target are deter-
mined from simulation CT or MRI scans. Treatment 
coordinates are then subsequently transferred to the 
treatment machine via the stereotactic frame.

An alternate approach to the frame-based ste-
reotactic alignment employs imaging systems to 
detect the patients’ position relative to the radia-
tion treatment fields. Misalignments, when 
detected, are corrected prior to delivering the 
treatment or portions of the treatment. Although 
the term stereotaxy, which comes from the terms 
stereo meaning “solidity” and tactile meaning 
“touch,” used to refer to techniques with geo-
metrically fixed frames with known relationship 
with the internal anatomy of the patients, this 
term continues to be used with the methods 
employing image guidance as the means for 
localization. Within radiation oncology, the use 
of imaging to guide and verify placement of 
treatment fields is not a new concept. In the early 
1980s, Verhey and coauthors described the use of 
pretreatment and posttreatment radiographs of 
patients in the treatment position to analyze intra- 
treatment movement during proton radiotherapy 
[2]. More recently, the advent of electronic X-ray 
image detection, such as electronic portal mega-
voltage (MV) imaging and planar kilovoltage 
(kV) imaging, has made nearly real-time auto-
matic detection and correction of patient position 
with image guidance feasible. The real-time 
image guidance process typically goes as fol-
lows: initial patient alignment to the treatment 
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isocenter is performed based on external land-
marks, and this is followed by imaging that can 
detect either the target directly or surrogate anat-
omy closely associated with the target. These 
“real-time” or “on-line” images are then com-
pared to reference images that would be expected 
when the patient is perfectly aligned. The refer-
ence images are referred to as digitally recon-
structed radiographs (DRR). The comparison, or 
image registration, procedure detects and quanti-
fies any misalignment between the two sets of 
images and consequently determines patient mis-
alignment from correct treatment position. Target 
misalignment can then be corrected by adjusting 
the patient position or by moving the treatment 
beam.

Image guidance technologies decouple the 
patient alignment process from the immobiliza-
tion devices. Because of this, patients can be 
immobilized with more comfortable and nonin-
vasive methods. Examples are molded thermo-
plastic mask in the treatment of cranial targets 
and vacloc bags for spine targets. While these 
devices are less rigid and allow more patient 
movement than a traditional localization frame, 
this disadvantage can be partially compensated 
by more frequent imaging and repositioning of 
the patient during treatment delivery. On the 
other hand, these devices can be reused for mul-
tiple treatments (fractions) following a single 
planning CT or MRI scan facilitating multi- 
session radiosurgery, more readily allowing for 
multifraction radiosurgery or staged 
radiosurgery.

In this chapter, we consider frameless treat-
ment and imaging technologies associated with 
three widely used radiosurgery treatment deliv-
ery systems: CyberKnife, Leksell Gamma Knife 
Perfexion, and gantry-mounted linac technolo-
gies. There exist other commercial frameless 
SRS and IGRT systems (e.g., MVCT on 
Tomotherapy and MRI on ViewRay and Elekta 
Unity). However, they are not routinely used for 
cranial stereotactic therapy, and the paucity of 
experience with these systems specific to radio-
surgery at the time this is written leads us to 
exclude them from extensive discussion in this 
chapter.

 CyberKnife Technology

From its inception, the CyberKnife (CK) system 
was developed as a dedicated frameless image- 
guided radiosurgery system [3]. With this system, 
the therapeutic radiation is delivered to the patient 
with a compact 6  MV linear accelerator that is 
mounted to a robotic arm (Fig. 4.1). Gross patient 
positioning is performed via a movable couch 
top. Minor corrections for small patient and 
organ movements are subsequently accomplished 
by the robotic arm, adjusting the position of the 
treatment beams. The robot can correct for patient 
misalignment up to ±10 mm in translation, ±1.5° 
in pitch and roll, and ±3° in yaw. Image guidance 
is foundational to this system, and the use of the 
robotic arm allows correction to the treatment 
beams if patient misalignment is detected via ste-
reoscopic X-ray imaging.

 Description of Imaging System

The CyberKnife imaging system consists of two 
oil-cooled X-ray cameras mounted to the ceiling 
and two complimentary image detectors mounted 
to the floor. The X-ray cameras operate within an 
energy range of 80 kV–120 kV. In clinical prac-
tice, cranial imaging is typically performed at 
100 kV, and spine imaging is typically performed 
approximately 120 kV. The image detectors are 
amorphous silicon flat panels. In the current con-
figuration, they are installed below the floor with 
a flush cover (Fig. 4.1). The central axes of each 
X-ray camera cross at a 90-degree angle, and the 
crossing point is within ±1 mm tolerance from a 
physical point in the room defined as the 
machine’s isocenter.

 Tracking Algorithms

Several imaging and registration algorithms are 
available to detect and track the target position. 
The cranial tracking algorithm is used for SRS 
targets inside the cranium, as well as C1 to C2 
spine levels. The spine tracking algorithm is used 
for all spine targets starting approximately at C3 
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to C4 and inferior. If the skeletal anatomy is too 
severely eroded to clearly detect in the X-ray 
images, the cranial or spine tracking algorithms 
may fail to reliably localize the targets. In these 
cases, metal fiducial markers can be implanted 
near the target tissue, and a fiducial tracking algo-
rithm is available for tracking these markers.

 Cranial Tracking Algorithm
The cranial tracking algorithm was developed 
specifically to align cranial targets to the treat-
ment beams. The algorithm automatically regis-
ters stereoscopic X-rays of the patient’s head 
with DRRs prospectively generated to represent 
possible patient setup translational and rotational 
deviations from the planned treatment position. 
To generate the DRRs, the treatment planner will 
select an imaging isocenter location within the 
simulation CT.  This point represents an ideal 
alignment location for the patient’s head within 
the field of view of the image guidance X-ray 
cameras. Once the imaging isocenter has been 
selected, the software creates a matrix of DRR 
images to represent a range of potential positions 
the patient’s head may be in at the time of treat-
ment. This includes in-plane translations and out- 
of- plane rotations. The matrix contains fewer 
DRRs for positions far away from the setup goal. 
Once the patient has been grossly aligned to the 
image isocenter, a set of orthogonal images is 
acquired. The 2D-3D registration algorithm per-

forms an iterative registration of these X-ray 
images to DRRs from the matrix library to find 
the closest match. In this way, patient’s offset in 
both translation and rotation is determined from 
the best matched DRR.  Phantom studies have 
shown that this method can align a rigid phantom 
within approximately 0.3 mm and 0.3 degrees of 
an alignment performed with fiducial alignment, 
considered as the gold standard for comparison 
purposes [4].

With the CyberKnife system, the position of 
the imaging isocenter is independent of the tar-
get’s location. This is due to the robot’s freedom 
of movement in directing treatment beams. For 
cranial tracking, the patient is typically posi-
tioned such that the isocenter is located along the 
patient’s midline axis to maximize the projected 
field of view around the cranium. This position 
provides about 10–20 mm of margin, or what is 
known as “flash,” anteriorly and superiorly 
around the patient’s head in the images. For 
adults, this isocenter location is located along the 
cranial midline at the superior aspect of the hypo-
thalamus, approximately 3  cm superior to the 
pituitary gland. This placement of the isocenter 
maximizes imaging and localization accuracy 
and robustness. For pediatric patients, it is impor-
tant to set the inferior border of the images no 
lower than the upper incisors. Because the man-
dible is a mobile structure relative to the rest of 
the cranium, if too much of the mandible is 

Fig. 4.1 CyberKnife 
system configuration 
showing the two X-ray 
cameras mounted on the 
ceiling. The two 
amorphous silicon 
detector imagers are 
embedded in the floor. 
(Image courtesy of 
Accuray Incorporated – 
© 2019 Accuray 
Incorporated. All Rights 
Reserved)
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 visible in the image, especially for anesthetized 
pediatric patients, its change in position relative 
to the target location may affect image registra-
tion accuracy which in turn will affect beam posi-
tioning accuracy.

 Spine Tracking Algorithm
In the early days of CK spinal radiosurgery, gold 
fiducials were implanted in the spine as localiza-
tion surrogates [5, 6]. While accurate spinal tar-
get alignment can be achieved with this method, 
it required invasive placement of the fiducial 
markers in the vertebral bodies close to the target 
location. The introduction of high-density fidu-
cial markers can also cause artifacts on the simu-
lation CT that hinder target identification. In 
2006, Fu and Kuduvalli described an image pro-
cessing method to enhance skeletal features in 
DRRs of the spine [7]. Generation of these 
enhanced DRRs enabled the development of a 
robust spine tracking algorithm which eliminated 
the need for fiducial placement in most patients. 
The spine tracking algorithm generates the 
enhanced DRRs followed by an iterative 2D-3D 
registration of X-rays to DRR as described for 
the cranial tracking algorithm. This algorithm has 
replaced fiducial tracking for spine SRS except in 
cases where the vertebral body bone density is 
extremely low and skeletal features are compro-
mised in DRR generation.

 Image Guidance Quality Assurance 
Tests

During installation, the imaging system is 
mechanically aligned and calibrated using a spe-
cial jig. The precision of the imager alignment 
ability is then tested using the CyberKnife robot 
itself as a high-precision phantom positioning 
device. An anthropomorphic head and cervical 
spine SRS phantom (CIRS, Norfolk, Virginia) is 
mounted to the robot collimator assembly. The 
robot then positions the phantom according to 
three test motion tables, which the imaging sys-
tem has to accurately identify [4].

 Imaging Frequency  
and Clinical Accuracy

The thermoplastic masks used to immobilize 
patients with cranial targets and the vacloc mold-
able cushions used to immobilize patients with 
spinal targets allow small amounts of patient 
movement (typically up to 3  mm). This move-
ment can occur during treatment and can affect 
dose placement. In order to mitigate the negative 
effect of patient movement on the dose place-
ment, the patient is imaged during treatment. If 
movement from the ideal treatment position is 
detected, the treatment is corrected. A study of 
patient motion during CyberKnife treatments for 
cranial and spinal targets was performed by 
Murphy and coworkers [8]. They found that 
imaging approximately once per minute would 
result in less than 2% of the dose to be misdi-
rected by more than 2 mm for the patients they 
studied.

On the CyberKnife imaging frequency can be 
set by the treatment team for each patient treat-
ment. The treatment delivery software allows 
images to be taken every n-th beam, with typical 
imaging frequencies being every 3–5 beams in 
clinical practice. Factors determining the image 
frequency for a given patient include proximity 
of the target to critical structures, patient-specific 
tendencies to move, length of treatment, and 
imaging dose.

 In-Room and Gantry-Mounted 
Imaging Technology

The development of localization methods using 
optical image guidance [9], stereoscopic X-ray 
imaging [10], optical guidance in combination 
with stereoscopic X-ray images [11–13], or cone- 
beam CT (CBCT) [14, 15] has provided the foun-
dation for frameless stereotactic radiosurgery 
deliveries on traditional gantry-mounted linear 
accelerators. In this section, we discuss the 
ExacTrac system and CBCT as they relate to SRS 
treatment alignment.
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 ExacTrac

The current ExacTrac system (Brainlab AG, 
Munich, Germany) integrates infrared (IR) track-
ing with oblique stereoscopic kV X-ray imaging 
for fast and accurate patient positioning [12, 16]. 
The IR component consists of an IR illuminator 
and a camera mounted to the ceiling above the dis-
tal end of the treatment couch. IR reflective marker 
balls attached to the patient or to the treatment 
couch via arrays can be tracked by the cameras 
with positioning uncertainty of 0.3 mm and 20 Hz 
sampling frequency [17]. It is used for initial 
patient positioning and also for tracking and guid-
ing couch movement when adjustments to patient 
position are required. It can also be used for real-
time monitoring of patient position if markers are 
placed on the patient. The stereoscopic X-ray 
imaging component utilizes dual kilovolt (kV) 
X-ray cameras (each composed of a source and a 
flat panel imager). On the ExacTrac system, the 
X-ray sources are located in the floor next to the 
linac gantry, and the flat panel imagers are mounted 
to the ceiling above the treatment couch. The cam-
era axes are not orthogonal as with the CyberKnife 
system, but intersect at isocenter with a 62° angle. 
Similar to the CyberKnife X-ray cameras, these are 
used for position detection and verification. Unlike 
CyberKnife, corrections to target position on gan-
try-mounted linac delivery systems are made by 
shifting the patient via the treatment couch. The IR 
system guides these movements more accurately 
than the couch motors can by themselves.

The ExacTrac system calculates an image reg-
istration that corrects for all six degrees of free-
dom (DOF) (three translations and three rotations) 
of the patient’s current position to the planned 
position. The ExacTrac method does not require 
pre-generated DRRs. Instead, the registration pro-
cess proceeds in nearly real time with the refer-
ence 3D image set being iteratively translated and 
rotated by small amounts [18]. During each itera-
tion, a pair of DRRs is generated and compared 
with the acquired images. The algorithm proceeds 
until the generated DRRs match the acquired 
images within a tolerance limit. The orientation of 
the CT set that generated the matching DRRs 

 represents the current orientation of the patient, 
and the set of translations and rotations needed to 
bring the patient into correct alignment are fully 
determined. Because the algorithm registers two-
dimensional (2D) localization X-ray images to 
3D CT images, it is described as a 2D-3D image 
registration technique.

The accuracy of registration is influenced by 
image quality and differences in anatomy at the 
time of treatment. Therefore, the registration result 
must be carefully reviewed (visual inspection) by 
the treatment team before delivering the treatment. 
Tools to increase the robustness and accuracy of the 
registration include restricting the registration to a 
specific region of interest (ROI) by masking areas 
of the planar images to exclude potentially confus-
ing structures (e.g., the mandible, upper cervical 
spine, or IR reflectors) that may not correlate as 
well with the target position (Fig. 4.2). Alternately, 
the volume from which the DRR is generated can 
be limited to exclude these structures from appear-
ing in the DRRs themselves. Ideally, regions in 
close proximity to the target location will be used 
for the registration, and those further away, espe-
cially mobile structures, can be excluded [19].

 Next-Generation ExacTrac® Dynamic

Next-generation ExacTrac is named ExacTrac® 
Dynamic and combines surface, thermal, and 
X-ray-based tracking (Fig. 4.3). A new thermal- 
surface camera technology is implemented in 
parallel with the real-time X-ray tracking. This 
system enables nearly real-time internal anatomy 
verification at wide range of couch position and 
gantry angles. It allows for immediate and accu-
rate shift calculation, beam hold, and reposition-
ing anytime during treatment.

The 4D thermal camera creates an accurate 
and reliable hybrid thermal surface by correlating 
the 3D heat signature to the reconstructed 3D sur-
face of the patient. The system appears to be 
resistant to issues caused by room lighting, 
reflections, skin tone, or clothing. Additionally, 
incorporating it with a single camera mount elim-
inates gantry-related blocking.
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ExacTrac Dynamic imaging is specifically 
designed to address the challenges associated 
with motion management by using X-ray tech-
nology to track moving targets. It has larger pan-
els to visualize larger area and more intuitively 
interpret X-ray images.

 Accuracy Assessment

The accuracy of the ExacTrac image registration 
algorithm has been investigated by performing 
registration calculations after introducing known 
translational (up to 30.0 mm) and rotational (up 

to 4.0°) errors on anthropomorphic phantoms 
[12]. Hidden target tests have also been used to 
assess the setup accuracy potential of the system 
[16]. In this test, a high density target embedded 
in an anthropomorphic phantom is aligned to the 
treatment machine isocenter via the IGRT system 
while masking the target itself from the 
 registration procedure. The treatment beam is 
then used to image the target and thus determine 
how accurately the target is placed. Average devi-
ations between known translational displace-
ments and calculated displacements varied from 
0.3 to 0.6  mm, while the average deviation 
between rotations was less than 0.2 degrees.

Fig. 4.2 2D-3D registration of X-rays with dynamically generated DRR. The cervical spine is masked (red) to exclude 
from the registration process

Fig. 4.3 Next- generation 
ExacTrac® Dynamic 
combines surface, thermal, 
and X-ray-based tracking. 
(Image courtesy of 
Brainlab AG, Munich, 
Germany)
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Image-guided beam alignment accuracy can 
be significantly influenced by the spatial resolu-
tion of the reference CT study. Yan et  al. [13] 
reported that the CT slice thickness has a signifi-
cant effect on the positioning accuracy of the 
ExacTrac system and stated that a thin-slice CT 
image enhances the positional accuracy. Murphy 
et al. [20] have also demonstrated that the preci-
sion of image-guided head localization improves 
by a factor of two when the CT slice thickness is 
reduced from 3.0 to 1.5 mm. Clinically, the CT 
image resolution used for generating treatment 
plans and subsequently for generating DRRs 
used in the image guidance process is not coarser 
than 1.5 mm in the slice thickness direction.

 Gantry-Mounted Cone-Beam CT

Another commonly employed image-guided posi-
tioning approach used with gantry-mounted linacs 
for radiosurgical procedures is cone-beam CT 
(CBCT) (Fig.  4.4). With this technique, the kV 
X-ray source and flat panel imager are both mounted 
to the gantry, and the image reconstruction data are 
acquired in the form of a sequence of planar images 
as the gantry rotates around the patient. Because the 
image data comes from a wide flat panel detector, 
the X-ray beam generating the images is in the 
geometry of a cone beam rather than the fan beam 
of a traditional CT scanner. A cone-beam recon-
structed image will therefore have worse image 
quality when compared to a traditional CT. However, 

the advantage of the gantry-mounted CBCT is that 
a high-resolution three-dimensional set of informa-
tion is acquired with the patient on the treatment 
machine immediately prior to treatment delivery. In 
certain cases, for example, lytic spinal lesions, the 
increased tissue contrast over planar kV imaging 
can make this technique ideal for aligning the target 
to the treatment beams with little ambiguity in the 
registration.

Image registration between the planning CT 
and the CBCT is able to make use of 3D informa-
tion from both image sets regarding the differ-
ence in patient position. This is, therefore, known 
as 3D/3D image registration. Because of its 
increased ability to visualize soft tissue contrast 
CBCT is able to more directly detect the tumor 
and therefore to detect difference in tumor posi-
tion between the planning CT and the position at 
the time of treatment than 2D planar imaging. 
Sub-pixel size setup errors can be correctly deter-
mined, which makes it suitable for treatments 
where high precision is indispensable, such as 
stereotactic treatments [21]. The implementation 
of CBCT is particularly favorable as anatomical 
structures and soft tissues are often better visual-
ized on axial cross-sectional images than on pla-
nar radiographic images [22, 23].

Compared to CBCT imaging, the ExacTrac 
system offers several advantages, including faster 
patient setup time, motion tracking capability, 
real-time imaging during treatment delivery, the 
ability to acquire images when the treatment 
couch is rotated (as is typical during a cranial 
treatment delivery), and less radiation exposure 
to the patient [17, 24, 25].

Since many linacs that have the ExacTrac sys-
tem also have CBCT, it is interesting to investigate 
whether localization accuracy is comparable 
between these two imaging systems. Ma et al. [26] 
compared these two modalities on a Novalis Tx 
treatment unit and found a modest difference (root-
mean-square translations <0.5  mm for phantom 
and <1.5 mm for patients) in localization accuracy 
for phantom and patient measurements between 
stereoscopic X-ray imaging and CBCT. Therefore, 
the 2D/3D registration approach of the ExacTrac 
system (planar imaging) has comparable localiza-
tion accuracy to a 3D/3D registration approach 

Fig. 4.4 3D-3D matching of the CBCT image with the 
simulation CT
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using CBCT.  However, anatomic structures are 
better visualized with the use of axial CT images. 
The author also investigated whether there was any 
benefit to applying both imaging modalities prior 
to treatment, but did not find relevant improvement 
in accuracy. In terms of geometrical accuracy using 
either stereoscopic images (ExacTrac) or CBCT 
for IGRT purposes, a submillimeter accuracy 
(0.6 mm ± 0.4 mm) can be expected [27].

 Patient Immobilization Devices

In order to maintain accurate alignment during 
the treatment, various devices (i.e., thermoplastic 
masks or bite-block systems) have been designed 
to immobilize patients undergoing radiosurgery 
treatment delivery. However, as noted previously 
in the CyberKnife section above, patient move-
ment during treatment is still a possibility with 
these noninvasive devices. Hoogeman et al. [28] 
studied the time dependence of patient motion 
and showed that despite application of thermo-
plastic masks and vacuum bags, patients still tend 
to drift away from their initial setup during treat-
ment. The ExacTrac IGRT approach can mitigate 
intrafraction motion effects through a process of 
repeat imaging and setup correction performed 
intermittently during the treatment delivery. 
Frequent verification imaging during treatment 
delivery has shown a significant reduction in tar-
get position uncertainty from intrafraction motion 
(13%), compared to verification images taken 
only at the end of treatment [29]. Moreover, the 
standard deviation in movement errors becomes 
much smaller (38% reduction), which means that 
fewer large movements can be expected during 
treatment delivery. By applying verification 
images during treatment, reduction of setup inac-
curacies and correction of intrafraction motion 
are possible, allowing reduction or even omission 
of “traditional” setup planning margins in the 
treatment portals.

As an additional step forward in the quest for 
patient comfort, a new radiotherapy procedure 
that is both frameless and maskless has been pro-
posed based on minimal patient immobilization 
and patient monitoring with a surface imaging 

system [30, 31]. The minimal immobilization 
system consists of a patient-specific head mold 
made out of expandable foam that conforms to 
the back of the patient’s head. A custom headrest 
can be added in order to provide more comfort to 
the patient. With this system, the patient’s face is 
left uncovered to provide maximal comfort. A 
region of interest, consisting of the forehead, 
nose, eyes, and temporal bones, is monitored dur-
ing treatment using a video surface imaging sys-
tem. The system consists of three ceiling-mounted 
optical stereo camera pods. The images from 
these cameras are combined to build a composite 
three-dimensional surface image of the patient. 
The system can track real-time surface position 
with respect to a reference surface image. The 
reference image can be extracted from the 
patient’s planning CT image, or a surface image 
of the patient acquired previously at the correct 
treatment position. The topology of the surface is 
reconstructed by identifying the pattern reflected 
from the projector or flash in the stereo images. 
The system then detects patient motion by com-
paring the live images with the reference image. 
Deviation from the reference (body contour 
extracted from the planning CT) is shown on the 
screen, and shifts and rotations can be applied 
until this deviation is as close to 0 as possible. 
Next, a CBCT image is acquired to refine the 
setup based on internal anatomy, and immedi-
ately afterward, a new reference surface image 
will be acquired for detecting motion during the 
treatment delivery.

 Leksell Gamma Knife Technology

Elekta Corporation (Stockholm, Sweden) was 
founded in 1972 by Swedish neurosurgeon Lars 
Leksell and his two sons. Leksell had introduced 
the concept of stereotactic radiosurgery in a his-
toric paper published in 1951 [32]. In 1967, 
Larsson and Leksell devised the “Gamma Unit,” 
containing 179 cobalt-60 sealed radiation 
sources, in static locations, carefully focused on a 
single point in space. The first commercial 
Leksell Gamma Knife (later designated as the 
Model U) was installed at the University of 
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Pittsburgh Medical Center in 1987 [33]. This unit 
included interchangeable source collimators 
capable of creating a nearly spherical treatment 
zone of 4, 8, 14, or 18 mm in diameter.

The Elekta Gamma Knife evolved substantially 
over the years. A complete redesign of the Gamma 
Knife concept was introduced with the Gamma 
Knife Perfexion (PFX) in 2006 [34]. The PFX 
used the same cobalt-60 sealed source design, but 
replaced the nearly hemispherical fixed array of 
sources with 8 rods containing 24 sources each. 
Each movable rod could be configured over a 
blocked, 4-mm-, 8-mm-, or 16-mm- diameter col-
limator, yielding nearly 65,000 possible irradia-
tion configurations. A very sophisticated computer 
algorithm (Leksell GammaPlan 10.0) was sup-
plied with the unit to assist in treatment planning 
and to communicate with the computer which 
actually operates the treatment unit.

 New Icon Fractionated  
Treatment System

Traditionally, the Gamm Knife has been used 
with frame-based localization and immobiliza-
tion. However, an upgrade for the Gamma Knife 
Perfexion system was introduced in 2015 based 
on a prototype created at Princess Margaret 
Hospital in Toronto [35, 36]. The upgrade 
includes a couch-mounted cone-beam computed 
tomography (CBCT) system, a High Definition 
Motion Management System (HDMM), and a 
supply of relocatable thermoplastic facemasks 
(Fig. 4.5). The integrated PFX Icon system can 
be used for traditional single-dose stereotactic 
intracranial radiosurgery using the Leksell Model 
G docking stereotactic frame, or it can be used in 
multi-fraction treatments.

The CBCT device is mounted on the Leksell 
Gamma Knife Perfexion patient couch so that it 
can image the patient’s head while in treatment 
position. The X-ray tube has an energy range of 
70–120  kVp. There are two preset imaging 
modes: Preset 1 uses 0.4mAs per projection at 
90kVp, with a voxel size of 0.5 mm and a resolu-
tion of 7 line pairs/cm. Preset 2 uses 1.0mAs per 
projection with the same voxel size and a resolu-

tion of 8 line pairs/cm. The manufacturer speci-
fies a CTDI is 2.5  mGy and 6.3  mGy, and the 
contrast-to-noise ratio (CNR) is 1.0 and 1.5, 
respectively. The detector is amorphous silicon 
with 780 by 710 pixels and fixed resolution of 
0.368 mm.

The HDMM utilizes an infrared stereoscopic 
camera mounted at the foot of the bed on a popup 
frame. The camera tracks the motion of four refer-
ence markers and one patient marker placed on 
the patient’s nose tip. A CT scan of the patient in 
the thermoplastic mask “zeroes” the system so 
that motion can be detected. Once treatment 
begins, patient motion is monitored and the treat-
ment can be paused if the vector deviation exceeds 
a present limit (typically 1.0 millimeter).

A number of centers have reported on their 
early experience with the Gamma Knife Perfexion 
Icon. Zeverino et al. [35] reported on the align-
ment of the CBCT imager coordinates with the 
Leksell stereotactic coordinate system. This is a 
vital evaluation since the CBCT image space is 
directly converted to Leksell stereotactic space. 
The authors report use of the Ball Cube phantom 
(Accuray Inc., Sunnyvale, CA) with Gafchromic 
EBT3 films (Ashland Inc., Wayne, NJ). The films 
were placed along the axial and then the sagittal 
planes machined into the cube, allowing an image 
to be formed with a single exposure of the 
Gamma Knife Perfexion 16-mm collimators after 

Fig. 4.5 Gamma Knife Perfexion Icon with High 
Definition Motion Management (HDMM) system that 
includes infrared camera, attachment to the couch, four 
immobile reflective makers, and Icon head support. 
(Image courtesy of Elekta AB)
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alignment using the CBCT imaging system. The 
CBCT center of rotation agreed with the Unit 
Center Point (UCP) of the Gamma Knife 
Perfexion within 0.13 mm.

Two early reports, one by AlDahlawi et  al. 
[37] and another by Chung et al. [38], evaluated 
the stability of the CBCT stereotactic coordinate 
space with respect to the standard frame-based 
system. AlDahlawi and coworkers found that 
over a 6-week period of multiple measurements, 
the difference between the frame-based and the 
CBCT-based stereotactic space ranged from 0.21 
to 0.33  mm. Chung and coworkers reported 
results of an end-to-end test using the CIRS 605 
phantom (CIRS Inc., Norfolk, VA) with radio-
chromic film. Irradiation was repeated four times 
over 18  months. The overall deviation between 
radiation isocenter (UCP) and center of the 
patient positioning system was 0.09 ± 0.03 mm.

 Quality Assurance

Elekta provides a test tool (QA Tool) which 
measures the spatial accuracy (Focus Precision 
Test) of the patient positioning system using the 
4-mm collimator for the Gamma Knife Perfexion 
[34]. The American Association of Physicists in 
Medicine (Task Group 178, pre-publication 
document 2018) recommends that the vector 
error along the three orthogonal coordinates be 
less than 0.4 mm. The US Nuclear Regulatory 
Commission (NRC) recommends in its 
Licensing Guidance [39] that this test tool be 
employed at least monthly. The Gamma Knife 
Icon™ has a similar tool called the QA Tool 
Plus specifically for cone-beam CT QA [38]. 
The NRC licensing guidance recommends the 
use of this QA Tool Plus each day before the use 
of the cone-beam CT. The NRC further recom-
mends testing the HDMM system each day 
before use.

 Clinical Results

The Leksell Gamma Knife Society published a 
report in 2018 based on user surveys of clinical 

indication and patterns of use in Calendar Year 
2017. They found that Leksell Gamma Knife 
centers who had adopted the Perfexion Icon™ 
system use the frameless mask system for 26.7% 
of single-session treatments and 77.3% of the 
multi-session treatments. A report from a 
Korean group [40] accumulated statistics from 
41 patients regarding co-registration accuracy 
from one treatment to another, using CBCT reg-
istration. They found a mean three-dimensional 
deviation of 0.2 ± 0.1 mm. The co-registration 
of stereotactic CT images with CBCT was 
0.5  ±  0.1  mm, and the co-registration of MR 
images with CBCT was 0.8 ± 0.1 mm.

Finally, a combined group from Great Britain, 
Switzerland, and Australia published a report on 
the simulated fractionated treatment of five large 
brain mets [41]. Each clinical case was previ-
ously treated with a Leksell Gamma Knife in a 
single fraction with stereotactic frame. To simu-
late three or five fraction treatments, a “worst- 
case scenario” was simulated with displacements 
of 0.0, 0.5, 1.0, and 2.0 mm. A “sumPlan” was 
computed from the individual treatments. They 
found that for a plan prescribed at the 50% iso-
dose line, the margin necessary would be 0.2 to 
0.5 mm for a three-fraction plan and 0.0 mm for 
a five-fraction plan.

 Conclusions and Future Directions

Image guidance is now a mainstay of stereotactic 
radiosurgery and radiotherapy deliveries. It facil-
itates highly accurate target alignment without 
the need for an invasive head ring making multi- 
session SRS deliveries available to patients that 
may not be able to tolerate a single SRS delivery. 
Accuracy is similar to traditional frame-based 
alignment methods. This technology has also 
made stereotactic accuracy and precision avail-
able for treatment of sites outside of the cranial 
vault such as the spine.

The spectrum of IGRT technologies employed 
in radiation therapy continues to expand. 
Magnetic resonance imaging has recently been 
integrated into the treatment processes, providing 
the advantages of combining the real-time soft 
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tissue imaging and concurrent radiation treat-
ments. Benefits of MR-guided radiation therapy 
(MRgRT) include superior soft tissue imaging, 
the ability to track tumors and gate treatment 
delivery, and the opportunity to adapt for inter- 
fraction and intra-fraction anatomical variations. 
MRgRT also offers the potential for providing 
sophisticated biomarker-guided treatments.

Additionally, MRgRT allows for better offline 
and online adaptive MRI-guided radiotherapy, 
where variations detected with MRI can be used 
to adapt the treatment plans. As clinical adoption 
of MRgRT expands, there is a need to develop 
work flows and quality assurance techniques, 
innovate imaging science, and assess clinical out-
come benefits. While there is relatively little 
experience using this technique for stereotactic 
deliveries at this point, this will surely change as 
more units are brought to market and more insti-
tutions gain experience with them. MRgRT with 
unsurpassed soft tissue contrast and possibility to 
perform functional studies are tools that will con-
tinue to advance the field of radiotherapy and 
radiosurgery for our patients.
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Principles of Safe Stereotactic 
Trajectories

Rushna Ali and Ellen L. Air

 Introduction

Since Horsley and Clark published their seminal 
work in 1906 [1], numerous technological 
advancements have been adopted to improve 
safety, accuracy, and precision of stereotactic 
interventions. Ventriculography was combined 
with stereotactic technique by Spiegel and Wycis 
to estimate the location of specific intracranial 
structures in patients [2]. Various surrogate mark-
ers were then introduced in an effort to refine ini-
tial surgical targeting. These included recognition 
of neural firing patterns recorded with microelec-
trode techniques [3] as well as characteristic 
electrical impedance patterns recorded from the 
tip of a probe as it traveled through different brain 
structures [4]. Through the course of these expe-
riences, key principles of safe stereotactic trajec-
tories have been identified.

 Preoperative Considerations

As with any neurosurgical procedure, patient 
selection and medical optimization are critical. 
Despite their relatively low incidence, hemor-
rhagic complications carry by far the highest risk 
of devastating neurological outcome in func-
tional neurosurgery, with an overall bleeding rate 
ranging from 1.4% to 3.4% for asymptomatic 
and 0.4% to 2.1% for symptomatic bleeding [5]. 
Age, male gender, chronic hypertension, the 
number of microelectrode passes, a diagnosis of 
Parkinson’s disease, and the anatomic target have 
all been associated with increased hemorrhage 
rates [6]. Given that many stereotactic procedures 
are performed via a small opening with limited 
hemostatic control, particular attention should be 
paid to modifiable risks of hemorrhage.

The most commonly encountered situation is 
that of patients taking antiplatelet or anticoagula-
tion medication preoperatively, accounting for 
approximately 1 in 10 surgical patients [7]. The 
indication for such treatment should be con-
firmed with the prescribing physician so the risks 
of discontinuation are clear and the timing of 
therapy resumption determined. As neurosur-
geons, the immediacy of a major bleeding com-
plication weighs heavier than the risk of 
thrombotic event. Unlike other surgical special-
ties, all neurosurgical procedures are considered 
to have a high risk of bleeding (>1.5%) [8]. 
However, the true annual risk and associated 
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morbidity of a thrombotic event should be deter-
mined for each patient [9]. Several guidelines 
have been published regarding the cessation 
and restarting of specific anticoagulation agents 
[8, 10–13].

Another key preoperative decision is the 
selection of stereotactic system appropriate to the 
procedure. Frame-based, frameless, and robotic 
systems are available, each with unique advan-
tages and disadvantages (see Chap. 1). For neu-
rosurgeons with more than one type of system 
available, the size and location of the target, as 
well as the goal of the procedure, should guide the 
approach. For example, navigation systems such 
as StealthStation™ (Medtronic, Minneapolis, 
MN, USA) and Brainlab Stereotaxy (Brainlab 
AG, Munich, Germany) can be used for both 
frameless and frame-based stereotaxy. Needle 
biopsy of a 3-cm lesion may be more amenable 
to the frameless approach than DBS implanta-
tion into the subthalamic nucleus, a target of 
less than 1  cm in any dimension [14, 15]. The 
full spectrum of anticipated surgical procedures 
should similarly be considered prior to investing 
in any stereotactic system.

 Preoperative Imaging

Once the patient has been appropriately opti-
mized and the broader surgical approach deter-
mined, preoperative volumetric imaging is 
obtained. Far past the days of Spiegel and Wycis 
[2], technological advances have culminated in 
stereotactic computed tomography (CT) and 
magnetic resonance imaging (MRI). These tools 
permit in vivo stereotactic localization of visual-
ized pathological and anatomical structures, both 
before and after the surgical intervention. As will 
be discussed in more detail elsewhere, each has 
its pros and cons. Regardless, it is important to 
identify key structures on the imaging to plan 
optimal stereotactic trajectories, particularly the 
target and the vasculature.

MRI is the imaging modality of choice for 
most situations as it provides the greatest ana-
tomic detail. MRI is limited by image distortion 
due to both susceptibility artifact and field inho-

mogeneity. Gradient field inhomogeneity is 
related to the magnet itself and can be reduced 
by acquiring 3-D scans [16]. It is also consistent 
and can be mathematically corrected [17]. 
Susceptibility artifact is due to tissue density 
itself and is therefore unavoidable. It is important 
to note that susceptibility artifact, and therefore 
spatial distortion, increases with magnet strength 
[18]. For the vast majority of stereotactic proce-
dures, these issues are small in practicality, but 
should be kept in mind as higher field strengths 
gain prominence in clinical settings [19].

CT imaging is well-documented as geometri-
cally reliable, though it lacks the delineation of 
brain structures [20]. CT angiogram combines the 
advantages of precise visualization of blood ves-
sels (especially arteries) with the spatial accuracy 
of a CT scan. For invasive EEG electrode place-
ment, this method is frequently used with good 
results [21, 22]. Newer MR imaging sequences, 
such as a 3-T time of flight (TOF), have been uti-
lized to improve the safety of stereotactic trajec-
tory by allowing better visualization, and therefore 
avoidance, of deep perforating vessels [23].

 Image Fusion and Registration

In order to avoid issues of MR distortion, fusing 
non-stereotactic MR data onto stereotactic CT 
images was initially considered. This idea sug-
gested that contrast-rich MR data at the center of 
the field could be supplemented with accurate 
fiducial localization with CT at the field periph-
ery [24]. Numerous commercially available soft-
ware packages were developed and provide this 
function. However, magnetic inhomogeneities 
are nonlinear, whereas most fusion algorithms 
are linear [25]. In addition, fusion between CT 
and MR images may result in fusion errors that 
often go undetected. Fusion algorithms are found 
to introduce mean errors of between 1.2 and 
1.7  mm; larger errors of close to 4.0  mm have 
been reported in individual patients [26]. 
Anatomical targeting on stereotactic MR images 
that visualize the fiducials and target on the same 
image eliminate fusion errors. Detailed surgical 
planning will require import of the images to a 
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dedicated software platform that allows image 
manipulation and precise planning of both target 
and trajectory. The default on some software plat-
forms is to minimize registration error across the 
volume of the acquired images. However, the aim 
of stereotactic surgery is to maximize accuracy at 
the target level. Therefore, accuracy of registra-
tion at the level of the target is more desirable.

Contemporary stereotactic frames are based 
on the arc-centered principle that maximizes sur-
gical precision at the target, irrespective of the 
surgical trajectory. Mini-frame or frameless navi-
gation boasts maximum precision at the entry 
point and then endeavors to replicate the planned 
virtual trajectory during surgery. However, small 
errors in trajectory can translate into significant 
errors at the target level.

 Trajectory Planning

A surgical trajectory that avoids sulci has been 
shown to reduce the incidence of hemorrhagic 
complications, presumably by avoiding the 
enclosed vessels [27]. Planning an entry point to 
penetrate the crest of a gyrus is not sufficient to 
avoid sulci en route to the target. The individual 

complexity of the sulcal pattern and obliquity of 
the surgical trajectory require the image manipu-
lation of the acquired stereotactic images with 
commercially available planning software that 
allows reconstruction along the proposed trajec-
tory. Entry through the crest of a gyrus helps to 
limit excessive cerebrospinal fluid (CSF) loss 
when opening the dura during surgery (Fig. 5.1). 
Moreover, avoiding stiff anatomical barriers, 
such as the pia and ependyma, minimizes brain 
shift, thus improving surgical accuracy and mini-
mizing risk of hemorrhage [6]. Coagulating the 
pia using bipolar cautery prior to insertion is also 
prudent to avoid inadvertent bleeding from pial 
vessels.

Transventricular trajectories are normally 
avoided in stereotaxis as minor displacement 
while traversing the ventricle can result in signifi-
cant deviation from the planned trajectory [28]. 
Brain deformation from cerebrospinal fluid loss 
during ventricular puncture may also contribute 
to inaccuracy of electrode/biopsy needle place-
ment [29]. However, there is evidence that trans-
ventricular trajectories do not increase the risk of 
complications while maintaining stereotactic 
accuracy at the target [30]. This particularly 
applies to very medial targets [31] and may be 

a b

Fig. 5.1 Example trajectory. (a) Coronal view along the 
trajectory. The entry point is at the apex of a gyrus and 
avoids crossing sulci or entering the ventricle. (b) Probe’s- 

eye view of the trajectory near the entry into the brain. The 
blue dot (trajectory) is central within the gyrus. Care was 
taken to avoid the sulcal vessel just to the left
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due to taking a perpendicular approach to the 
ventricular wall (Fig. 5.2).

 Patient Positioning

As with other forms of surgery, patient position-
ing is a vital part of the surgical procedure. A 
balance must be achieved between access to the 

surgical site and visibility of appropriate ana-
tomical or fiducial markers for image registra-
tion. Most planning images are obtained in the 
supine position, incorporating the facial struc-
tures which are often used for registration. 
However, only a subset of stereotactic proce-
dures is performed in the supine position. While 
head position during image acquisition, on its 
own, has not been shown to affect stereotactic 
accuracy [32], relative shift of the skull and 
intracranial structures to the facial structures or 
fiducials used for registration can negatively 
impact accuracy [33–35]. Obtaining stereotactic 
images once the patient has been positioned, as 
when using intraoperative CT or MRI, may 
increase accuracy. Alternatively, the use of bone 
fiducials or registration of the bony contours of 
the skull (e.g., mastoid region) in the region of 
surgery has been shown to increase accuracy 
[36–38]. It is also important to have full access 
to every entry point. This can be a challenge 
when performing multi-electrode implantations, 
such as for sEEG. Preoperative planning should 
anticipate trajectory entry sites relative to head 
fixation (Fig. 5.3).

Fig. 5.2 Example of transventricular trajectory. Note the 
entry and exit points are steep with respect to the wall of 
the ventricle, diminishing the chance of deflection off the 
ventricular wall

a b

Fig. 5.3 Example of surgical positioning to allow for full 
surgical access. (a) Note the headholder pins are situated 
to allow sufficient room for implantation of a pulse gen-

erator into the skull (arrow), as well as to access the entry 
points for depth electrode placement (b). Arrow denotes 
left entry point
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 Special Considerations for Deep 
Brain Stimulation

The use of microelectrode recordings (MER) to 
guide lead placement in DBS surgery in the cur-
rent era of advanced neuroimaging has led to 
 significant debate. Proponents of MER claim that 
it increases targeting accuracy [39] without sig-
nificantly increasing risk [40], whereas others 
claim intraoperative test stimulation alone is suf-
ficient to ensure target accuracy [41, 42]. 
Advancements in neuroimaging have precipi-
tated a trend toward direct, image-based targeting 
under general anesthesia without the use of 
microelectrode recording or intraoperative test 
stimulation, also referred to as “asleep” deep 
brain stimulation surgery. Asleep DBS, utilizing 
imaging in the form of intraoperative computed 
tomography (iCT) or magnetic resonance imag-
ing (iMRI), has demonstrated reliable targeting 
accuracy of DBS leads implanted within the glo-
bus pallidus and subthalamic nucleus while also 
improving clinical outcomes. These studies sug-
gest that increased risk of intracranial hemor-
rhage (ICH) and cognitive decline may be related 
to the use of MER [43]. However, in the absence 
of conclusive evidence, the general consensus is 
that it is acceptable to continue using MER since 
the risk profile continues to be low. With regard 
to target-specific risk for hemorrhage, some stud-
ies have reported increased hemorrhage rates 
with globus pallidus interna (GPi) target [44], 
whereas other authors have found a trend toward 
increased hemorrhages when the ventralis inter-
medius nucleus (VIM) of the thalamus was tar-
geted. On the other hand, other studies have 
shown VIM to be associated with the least inci-
dence of hemorrhages [43]. Due to conflicting 
evidence and since both GPi and VIM have small 
perforating vessels in their vicinity, a determina-
tion cannot be made about which target is more 
prone to hemorrhagic complications.

 Use of Robotic Assistance

Robotic assistance has been increasingly used in 
stereotactic procedures because of its potential 
for improving accuracy and precision [45]. 

Neurosurgical robots have assisted in a number 
of cranial procedures, including ablation of epi-
leptogenic lesions, biopsies, and deep brain stim-
ulation. The use of robots is not only considered 
to increase accuracy but is also deemed safe for 
the patient [46]. The robot provides a technical 
advantage compared to a traditional arc-based 
frame especially when an unusually low trajec-
tory is planned that falls near or below the arc of 
a Leksell or CRW frame. Another advantage of 
using the robot is improved efficiency since 
minor adjustments can be made to the entry point 
without the need for complete readjustment for 
movements outside of a singular fixed plane as 
with arc-based frames, and the surgeon can 
quickly move from one trajectory to the next. For 
procedures performed in the prone position, skull 
fiducials are preferred for registration, which 
improves accuracy and precision over other laser- 
guided navigational systems that are routinely 
used in stereotactic procedures. Laser-guided 
registration and navigation can be performed 
using the robot when patients are supine so that 
facial bony landmarks can be utilized for 
registration.

 Special Circumstances

When considering stereotactic approaches to the 
brainstem, transgression of pial, ependymal, or 
tentorial surfaces can be avoided by considering 
ipsilateral transfrontal or contralateral transfron-
tal entry points; the latter allows access to more 
laterally placed pontine lesions [47]. Both 
approaches allow the patient to remain supine 
during surgery, in a similar position to that in 
which images are traditionally acquired, thus pre-
venting error due to positional brain shift. The 
transtentorial route is less favorable because of 
the increased risk of hemorrhage and trajectory 
deviation. The suboccipital, transcerebellar 
approach is often used to access brainstem 
lesions. Care must be taken to ensure that the 
frame is placed low enough to allow the lesion to 
be visualized and to physically allow the required 
trajectory with a particular frame. 
 Semi- recumbent, lateral, and prone positions 
have been described to provide access, some of 

5 Principles of Safe Stereotactic Trajectories



56

which may limit the possibility of surgery under 
local anesthesia. The suboccipital approach pro-
vides the shortest distance to the brainstem target 
[48]. One study compared the two approaches 
and found an improved rate of successful diag-
nostic biopsy in patients undergoing the trans-
frontal approach compared to the suboccipital, 
transcerebellar approach, without any significant 
difference in rate of complications [49].

When performing biopsy of a partially solid, 
partially cystic lesion, the solid portion should be 
targeted first to prevent targeting errors that 
would occur with significant brain shift after cyst 
aspiration.

 Conclusion

With careful planning and preparation, stereo-
taxis can be performed safely for a wide range of 
indications.
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ADC Apparent diffusion coefficient
ALS Amyotrophic lateral sclerosis
BOLD Blood oxygen level dependent
CSF Cerebrospinal fluid
CT Computed tomography
DBS Deep brain stimulation
DWI Diffusion-weighted imaging
EPI Echo-planar imaging
FDA Food and Drug Administration
FDG 2[18]F-fluoro-2-deoxy-D-glucose
FLAIR Fluid-attenuated inversion recovery
fMRI Functional magnetic resonance imaging
FSE Fast spin echo
GPi Globus pallidus internus
GRE Gradient recalled echo
LITT Laser interstitial thermal therapy
MRI Magnetic resonance imaging
OCD Obsessive-compulsive disorder
PET Positron emission tomography
RF Radiofrequency
SE Spin echo
SN Substantia nigra

STIR Short tau inversion recovery
STN Subthalamic nucleus
SWI Susceptibility-weighted imaging
T Tesla
TE Echo time
TR Repetition time

 Introduction and Context

Targeting brain structures deep in the brain with-
out direct visualization was first described in 
1908 by Clarke and Horsley who, by electrolyti-
cally generating cerebellar lesions in a rhesus 
monkey, first established the practical principles 
of stereotaxy [1]. The first attempt at stereotaxy 
in humans, however, was not attempted until 40 
years later, when Spiegel et al. performed a ste-
reotactic thermocoagulation of the thalamus [2], 
which was followed within a few years by the 
development of Leksell’s arc-radius stereotactic 
frame system [3].

Through the twentieth century, in order to 
improve targeting of relevant anatomic struc-
tures, early stereotactic practitioners developed 
a multimodal combination of physiologic test-
ing, atlas-based coordinate systems generated 
from cadaveric specimens (e.g., the Talairach 
coordinate system [4]), and ventriculographic 
guidance [5]. However, these systems have their 
own intrinsic limitations. In particular, atlas-
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based coordinate systems were particularly sus-
ceptible to the inherent subcortical anatomical 
variation between individuals [6–8]. Indeed, 
even in a relatively recent study, purely atlas-
based coordinates failed to accurately target the 
subthalamic nucleus (STN) as defined by micro-
electrode recording on the first pass in over half 
of trials [9].

The variability giving rise to this difficulty 
arises not only due to normal anatomic variation 
but also by disease (e.g., atrophy, mass effect), 
age, and other physiologic characteristics such as 
gender [10, 11].

In the 1970s, the introduction of computed 
tomography (CT) allowed for visualization of 
intracranial structures, followed within the 
decade by the advent of magnetic resonance 
imaging (MRI) which provided even greater res-
olution and soft-tissue discrimination. The advent 
of the ability to radiologically visualize targets 
for surgical planning in the 1970s and 1980s was 
a momentous development in the field, as it 
allowed surgeons to adapt targets to each patient. 
This advance not only improved the efficacy and 
off-target effect profiles of functional interven-
tions, but can also reduce the duration of surgery 
and number of passes needed to reach the 
intended target.

Practically, the advent of neuroimaging modi-
fied the derivation of stereotactic coordinates and 
stereotactic coordinate systems of the past, for 
example, by enabling the creation of probabilistic 
rather than anatomic mappings of targeted 
regions [12, 13]. It has also enabled direct target-
ing of structures, particularly those characterized 
by low functional but significant anatomic vari-
ability across individuals, obviating the need for 
anatomic atlases entirely in some cases.

 Structural Imaging

 MRI

Almost immediately after its widespread clinical 
introduction in the 1980s, MRI became the pre-
dominant imaging modality for use in functional 
neurosurgery. It is particularly valued for preop-

erative target localization as well as operative 
planning in large part because MR images are 
characterized by excellent tissue resolution, the 
ability to easily distinguish gray and white matter 
junctions, and the ability to clearly visualize vas-
culature both at the cortical surface as well as 
deep within the brain parenchyma [14]. Research 
and development in this field has continued to 
rapidly advance, with key advances in the opera-
tive arena arising through the development of 
higher field-strength machines, intraoperative 
and interventional MRI (discussed at greater 
length in Chaps. 3 and 4), computational improve-
ments, and novel methods of image analysis such 
as diffusion imaging and connectivity-based seg-
mentation (Chap. 7).

 Imaging Workflow

With the proliferation in technological advances 
over the last few decades, the workflow for MRI- 
based target identification and planning is often 
highly variable and depends in many ways on 
clinical context, equipment availability, and sur-
geon preference. Doubtless, with the continued 
advance of intraoperative MRI systems including 
robotic guided tools, this workflow will continue 
to evolve over the coming years. Generally, how-
ever, the role of neuroimaging in stereotactic sur-
gery begins with preoperative imaging to identify 
the target and region of interest and to define the 
coordinates of the target(s) within a stereotactic 
reference system (e.g., Talairach, MNI). In inva-
sive procedures (unlike, e.g., focused ultrasound), 
this imaging is also used to plot a 3D trajectory 
that allows for a safe and efficient approach to the 
target. The use of intraoperative imaging (in con-
junction with other techniques) to adjust and con-
firm target engagement is often critical and is 
covered elsewhere in this textbook. Finally, post-
operative imaging confirms proper target engage-
ment, identifies potential complications, and 
helps to limit the necessity of reoperation later.

Some key determinations relevant to struc-
tural imaging that need to be made preoperatively 
include (1) whether to use MRI alone for stereo-
tactic images or whether to fuse these images 
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with those from a CT scan, (2) whether to use 
stereotactic frame guidance or frameless stereo-
taxy, and (3) whether to use real-time interven-
tional MRI guidance, in which case preoperative 
MR imaging for guidance purposes may be dis-
pensed with entirely. There are benefits and 
drawback to each of these approaches, but all of 
these options have been clinically validated.

Fusion of MR images with preoperative CT 
scans is a method developed to overcome some 
of the geometric distortion inherent to MRI (dis-
cussed below). In this approach, MR images are 
used primarily to determine target coordinates 
and identify the outlines of the regions and struc-
tures of interest. Rather than being used as a 
standalone reference, however, these images are 
fused to a preoperative CT scan which serves as 
the stereotactic reference image [15]. It should be 
noted, however, that while the MRI-CT fusion 
process has been demonstrated to reduce error 
and improve outcomes in stereotactic radiosur-
gery [16–18], the issue has not yet been fully 
resolved for deep brain stimulation (DBS). There 
are some data to indicate that MRI-CT fusion 
shows promise in this regard, but definitive evi-
dence requires larger-scale clinical validation 
[19]. It is likely, however, that as susceptibility to 
this specific form of geometric distortion inher-
ent to MR imaging increases with field strength, 
this approach may become more relevant with 
the continued expansion of the use of 7 T MRI 
machines in clinical practice. It can also be 
advantageous to perform other image fusions 
such as fusion of multiple MR image sequences, 
or fusion of MRI with other modalities such as 
positron emission tomography (PET) for preop-
erative planning, depending on the target(s) to be 
visualized [20].

Frameless stereotaxy in the context of conven-
tional stereotactic functional neurosurgery 
involves the use of stereotaxy devices designed 
specifically for these purposes. Each clinical goal 
may have its own device-specific requirements 
relevant to target and trajectory choice, and this 
decision can impose additional restrictions on 
operative planning. For example, with one effec-
tive and commonly used device, the STarFix sys-
tem (FHC Inc., Bowdoin, ME), the trajectory is 

built into the custom device shipped to the clinic 
and therefore cannot be changed intraoperatively. 
As a general principle, the use of frameless ste-
reotaxy allows for (and indeed, in some cases, 
requires) target imaging and trajectory planning 
to be done independently of the operation. This 
can be advantageous for planning purposes and 
reduces intraoperative time but may increase tar-
geting errors due to brain shift. The effect of this 
trade-off is still under investigation, with some 
studies indicating about a 2-mm shift between 
framed and frameless stereotaxy, while others 
suggest that the two are functionally equivalent 
[21–23]. The surgeon’s preference may also be 
impacted by the requirement for intraoperative 
imaging which can be complicated by CT/MRI 
artifact or the requirement for MRI-compatible 
stereotactic devices. One notable exception to the 
requirement for preoperative stereotactic imag-
ing is with the frameless stereotaxy used in inter-
ventional MRI, in which case the imaging for 
stereotactic guidance is performed 
intraoperatively.

Intraoperative integration of MRI in the neu-
rosurgical suite, initially introduced in the mid- 
1990s [24], is also experiencing rapid evolution, 
and while an in-depth discussion is deferred to 
other chapters in this text, a few key points bear 
mentioning here. There exist two broad catego-
ries of intraoperative MR for stereotactic neuro-
surgery: the first involves the use of MRI 
intraoperatively to refine, correct, and/or verify 
the trajectory taken and target reached. The sec-
ond, termed interventional MRI, uses images 
taken after dural opening for target coordinate 
derivation and stereotactic guidance through a 
frameless stereotaxy device. This allows for CSF 
drainage and brain shift to occur before imaging 
is to be taken, with average vector accuracy 
reported at 0.6–0.8 mm through this method [14, 
25]. Limitations to this technique include the fact 
that introduction of mobile MRI can lead to sig-
nificant OR workflow alterations, while nonmo-
bile MRI techniques generally preclude 
intraoperative microelectrode recording.

After preoperative images are obtained, the 
target of interest is identified on imaging, and the 
coordinates that identify the structural target are 
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derived in the coordinate system of choice. These 
values will be used intraoperatively as the end 
point of the trajectory, and deriving them may be 
accomplished in a number of ways. First, coordi-
nates may be taken directly from stereotactic 
atlases that exist for this purpose, from personal 
experience, or from the literature. These coordi-
nates are generally described in reference to the 
anterior and posterior commissures, and for com-
mon targets, a rich literature usually exists to 
guide coordinate choice. A second option is to 
use stereotactic atlases that can be directly fused 
with the preoperative CT or MR imaging and 
thus overlaid on the imaging with fiducial place-
ment to allow for targeting. Finally, depending on 
the target and the imaging modalities available, 
the target in question and its boundaries may be 
directly identifiable on preoperative imaging. 
These strategies are not mutually exclusive, and 
in many cases, the approach used depends on the 
context, preference, and prior experience. As 
general principles, there is literature to support 
the use of direct targeting over atlas-based coor-
dinates [26] and the use of 3D reconstruction 
over 2D images [27] where feasible.

Postoperatively, imaging is important to verify 
correct lead and contact positioning and may be 
done by postoperative stereotactic MRI or fusion 
of the preoperative stereotactic MRI with postop-
erative stereotactic CT.  There remains some 
debate on the relative merits of each approach 
[28], but the error generated in either case is 
likely less than 0.7 mm [29]. It is important to be 
cognizant of the specific DBS system used as 
well as the MRI parameters to ensure patient 
safety if postoperative MRI is chosen, as not each 
DBS system has only been validated under all 
imaging conditions. Please see the section on the 
role of CT imaging for further discussion.

 Imaging Principles

Regardless of the imaging modality and opera-
tive workflow used, in the preoperative period, 
the acquisition of MR images with particular 
focus on the region of interest is the first step in 
operative planning. At this stage, factors identi-

fied on these images may help predict outcomes 
[30], and certainly, identification of specific 
abnormalities may delay or preclude surgery 
(e.g., upon visualization of severe atrophy or 
severe leukoencephalopathy when planning for 
DBS to treat Parkinson’s disease) [31]. Therefore, 
appropriate image sequence selection is impor-
tant in not only target visualization but, in some 
cases, ruling out other subtle pathology (e.g., 
tumor as opposed to cortical dysplasia as an epi-
leptogenic focus). Due to the tremendous number 
of specialized imaging options available for indi-
vidual cases, a comprehensive overview of MRI 
sequences is beyond the scope of this chapter. 
However, certain basic principles apply to the 
approach to standard MRI for target visualization 
which will be covered here at the risk of 
oversimplification.

Underlying MR imaging is the concept that 
different tissue types can be distinguished by the 
specific physical characteristics of their atoms 
(i.e., T1 recovery, T2 decay, and T2∗ decay 
times). These values describe how the magnetiza-
tion vectors in the tissue realign with a magnetic 
field after being excited. In order to detect this 
realignment (and therefore localize and charac-
terize a tissue region of interest), MRI exposes 
the patient to a magnetic field and then excites 
the tissue with a radiofrequency (RF) pulse. The 
subsequent changes in magnetization vectors are 
detected by measuring the induced current in a 
receiver coil.

In MR imaging, tissue contrast is generated by 
detecting and displaying these values and their 
differences. By weighing different values (e.g., 
T1 recovery time) more or less heavily, different 
types of tissue (or disease process) may be accen-
tuated. For example, T2 weighting shows greater 
signal in tissue with higher water content. To 
weigh a specific value more heavily, one can vary 
parameters of the RF pulse sequence used. Two 
basic pulse sequence parameters to be familiar 
with are TR (repetition time) and TE (echo time), 
which denote the time between pulses (TR) and 
the time between the pulse and the center of the 
echo received (TE). The pulse sequences them-
selves can be generally described by the RF 
pulses and the magnetic field gradients applied. 
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Two basic pulse sequences exist: spin echo (SE) 
and gradient recalled echo (GRE), with all other 
currently used sequence variations on these.

SE-based sequences include fast SE (FSE), 
STIR (short tau inversion recovery, in which fat 
signal is cancelled out), and FLAIR (fluid- 
attenuated inversion recovery, in which CSF sig-
nal is cancelled out). Generally, due to bright 
cerebrospinal fluid (CSF) signal, SE sequences 
other than FLAIR may be less well-suited to 
examining periventricular structures [32]. T1 
FLAIR sequences can be useful in the examina-
tion of gray/white matter interfaces.

GRE-based sequences include coherent 
(including partially refocused or fully refo-
cused GRE), incoherent (spoiled) GRE, echo-
planar imaging (EPI), and diffusion-weighted 
imaging, with applications of these sequences 
including MR angiographic techniques (time of 
flight, contrast- enhanced, etc.). GRE sequences 
are excellent at detecting tissue with magnetic 
susceptibility differences (e.g., iron from hem-
orrhage or identifying tissues with high iron 
content such as the caudate, red nucleus, or 
the substantia nigra). In general, however, it is 
important to note that GRE sequences are par-
ticularly susceptible to field inhomogeneity and 
geometric distortion and generate artifact at air/
bone tissue interfaces [33].

Among other uses, incoherent GRE (e.g., 
SPGR, FLASH, T1-FFE) can be used to generate 
high-resolution T1-weighted images, including 
3D images (e.g., VIBE, LAVA, THRIVE) 
(Fig.  6.1) [33]. Similar ultrafast GRE (MP 
RAGE, BRAVO) protocols generate high-quality 
3D T1-weighted images often used in epilepsy 
protocols to detect subtle cortical dysplasias [34]. 
Coherent GRE has many subtypes and are usu-
ally T2 or T2∗ weighted. Postexcitation sequences 
(FISP, GRASS, FFE) generate high signal-to-
noise ratio images, while preexcitation sequences 
(PSIF, SSFP, T2-FFE) are often used for imaging 
of the inner ear and CSF flow studies. To generate 
high- resolution 3D T2-weighted images, how-
ever, fully refocused GRE (e.g., CISS, FIESTA) 
is often ideal.

EPI sequences are characterized by extremely 
short acquisition times and have better tissue 
contrast than other GRE sequences. Thus, appli-
cations include diffusion and perfusion imaging 
[35]. EPI also forms the basis of blood-oxygen- 
level-dependent (BOLD) imaging, which itself is 
the predominant sequence used as the basis of 
functional MRI (discussed below). With these 
sequences, motion artifact is minimized, but spa-
tial resolution is limited, and EPI shares the other 
weaknesses of GRE-based sequences discussed 
above.

Fig. 6.1 Targeting VIM thalamus on T1 images. The 
AC-PC (anterior commissure-posterior commissure) 
coordinate system still furnishes remarkable reproducibil-
ity on T1-weighted images. In targets such as VIM thala-
mus that are not easily identified radiographically, AC-PC 
coordinates are useful (left panel). In this example, the 
stereotactic target (VIM nucleus) is 11 mm lateral to the 

wall of the third ventricle. The trajectory is shown in 
green. The AC-PC line is shown in red. It is also possible 
to target based off an atlas, which can be co-registered to 
the T1 preconstrast image (right panel). In this case, the 
hand-sensory area of the ventral posterior lateral nucleus 
is targeted for mapping, with a plan to place the final elec-
trode anterior to this area
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Diffusion-weighted imaging (DWI) is an MRI 
modality based on the principle of detecting the 
anisotropy in the diffusion of water molecules. 
Often (but not always) generated through single- 
shot EPI [36], DWI allows for fine discrimination 
of white matter tracts which tend to strongly 
restrict water diffusion in a single direction 
(Fig. 6.2). Diffusion imaging gained widespread 
application in neuroimaging for its early detec-
tion of cerebral ischemia, but also is character-
ized by a superior ability to detect subtle structural 
changes within white and gray matter and resis-
tance to motion artifact. Changes in diffusivity 
can also be used to help delineate subtle borders 
of nuclei and white matter tracts in subcortical 
regions [37]. Tissue with high T2 relaxation 
times can create a false-positive signal on DWI 
(i.e., T2 shine-through), however, and so correla-
tion with apparent diffusion coefficient (ADC) 
imagery derived from the DWI sequence is 
required.

One application of DWI is known as 
connectivity- based segmentation (discussed in 
Chap. 7) which can help overcome limitations of 
structural imaging in certain regions that cannot 
be easily discriminated by the techniques dis-
cussed here. Targets that lie in the thalamus, cin-
gulate, and cortex, for example, may all be 
candidates for this approach which uses tractog-
raphy to segment targets that may be functionally 
connected via white matter tracts [38–40]. 
Sources of error are similar to other MRI 

sequences and are related to aberrations in the 
ability to detect subtle changes in water molecule 
diffusion including patient movement, cardiac 
pulsations, and CSF signal contamination [37]. 
Diffusion imaging has a lower resolution when 
compared to T1/T2-weighted imaging, generat-
ing approximately 2-mm isotropic voxels [5].

The specific sequences and protocols used for 
any particular case therefore depend on the target 
and application. As an example, the use of multi- 
gradient echo T2-weighted sequences for regions 
with high iron content such as the STN has been 
shown to improve visualization of these struc-
tures when combined with simultaneously 
acquired T1-weighted images (Fig. 6.3) [41]. The 
use of susceptibility-weighted imaging (SWI) 
can also be crucial in target identification. When 
 compared with T1- and T2- weighted images, 
SWI produces higher levels of tissue contrast, 
which is often critical in identifying the anatomic 
borders of specific targets often used in DBS.

It behooves the surgeon to become familiar 
with the often rapidly evolving protocols and 
sequences relevant to specific surgical indica-
tions and targets, as they may significantly 
improve target visualization.

 MR Thermometry

One benefit of MRI is that it can be used to moni-
tor temperature in real time through the use of MR 

Fig. 6.2 Diffusion tensor imaging for critical white mat-
ter tracts. Diffusion tensor imaging can be used to identify 
and avoid critical structures during surgery, including the 

internal capsule (left panel, blue fibers) and frontotempo-
ral association fibers including the arcuate fasciculus 
(right panel, in green)
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thermometry. Real-time MRI can therefore also 
help observe and guide procedures that take 
advantage of thermocoagulation or heat-activated 
therapies to achieve their effects. Many of these 
procedures have relevance to functional neurosur-
gery. One such example is the use of MRI to guide 
focused ultrasound to noninvasively ablate spe-
cific intracranial targets. This strategy has been 
approved for essential tremor, Parkinson’s dis-
ease, obsessive-compulsive disorder (OCD), and 
neuropathic pain, with ongoing clinical trials for 
indications ranging from major depressive disor-
der to Alzheimer’s disease and ALS [42]. Another 
example is the use of laser interstitial thermal 
therapy (LITT), which, in addition to tumor abla-
tions, has been used to treat epilepsy arising from 
various structural abnormalities [43].

 Drawbacks and Considerations

There are also significant weaknesses and sources 
of error inherent to MRI-based target and structure 
identification that one must be cognizant of during 
operative planning. As MR images take several 
minutes to acquire, these images can be signifi-
cantly compromised by motion artifact – particu-
larly in patient populations with tremor or other 
causes of involuntary movement [44]. Several 
strategies have been developed to ameliorate 
motion artifact, including head pads and chin-strap 

fixation [45] and varying degrees of sedation up to 
and including general anesthesia, which should be 
considered in the context of the risks of sedation 
including seizure and autonomic instability [46]. 
Tracking and computational correction of both 
macroscopic and microscopic motion is a major 
area of study, and several techniques exist to 
address this issue, some of which are very com-
monly used (e.g., PROPELLER) [47–49]. More 
sophisticated correction systems can be expensive 
and complex, which limits their widespread clini-
cal adoption [50]. These systems demonstrate 
great technical potential, particularly when used 
with higher field-strength systems, but large cost-
benefit analyses remain to be conducted.

Another weakness that must be considered 
during preoperative planning is the phenomenon 
of distortion. Distortion arises from several fac-
tors, including field inhomogeneity (for which 
correctional algorithms may be able to at least 
partially compensate), the fact that different 
regions of the brain have different susceptibilities 
to magnetic alignment, and the distance of the 
region being mapped from the isocenter of the 
machine bore [14]. Susceptibility to geometric 
distortion increases with the strength of the mag-
netic field and tends to be greatest in the periph-
eral parts of the brain, particular around 
bone-brain interfaces [51]. Correction algorithms 
and fusion with CT can help address this geomet-
ric distortion (discussed below).

Fig. 6.3 MRI-based targeting of the subthalamic nucleus. 
The subthalamic nucleus can be directly visualized using 
T2-weighted MRI for deep brain stimulation surgery. In 
this case, a FLAIR image shows the red nucleus (left 
panel, red arrow), which serves as an internal fiducial for 

locating the subthalamic nucleus. Subthalamic nucleus can 
often be directly visualized lateral to the red nucleus, in the 
same plane as the red nucleus’s anterior border (right 
panel). A hazy, T2-dark, almond-shaped area can be appre-
ciated representing the subthalamic nucleus (blue arrow)
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Currently, specific precautions as specified by 
manufacturer guidelines need to be taken in order 
to safely perform MRI in patients with implanted 
DBS systems, which include not using an MRI 
machine with greater than 1.5  T field strength, 
using specific head coils (transmit-receive-type 
radiofrequency head coil), and imaging parame-
ters with a specific absorption rate (the rate at 
which energy from the RF pulse is deposited in 
the patient [52]) no greater than 0.1 W/kg in the 
head [53]. Implications of these restrictions 
include the fact that imaging any other part of the 
body with MRI is contraindicated. There are 
ongoing research and significant debate in this 
field, however, with data indicating that 3 T sys-
tems may be safe for use with at least some DBS 
systems [54].

 Current and Future Directions

There has been significant interest in the develop-
ment of higher field-strength MRI machines as 
increased field strength improves the signal-to- 
noise ratio in the resultant images. This, therefore, 
allows for higher resolution (i.e., lower voxel 
size) and tissue contrast. For example, 7  T 
machines have generated 120-μm isotropic reso-
lution in human brain MRI scans and 150-μm iso-
tropic voxels for angiographic studies [55, 56]. 
This distinction is not merely academic; clinically 
relevant tasks such as discrimination between 
internal thalamic nuclei, distinction between the 
lateral and medial GPi, and separating out the 
anterior STN from the SN are significantly 
improved at 7 T [57, 58]. Focal cortical dysplasia 
can be more easily detected at these field strengths, 
and further improvements are likely to arise as 
new sequences are developed specifically for neu-
roimaging with 7  T MRI machines [59, 60]. 
Higher field strengths, however, are more suscep-
tible to many of the artifacts inherent to MRI, 
including geometric distortion [51] and motion 
error [55]. Limited availability of 7 T machines 
for clinical use can also be a factor, as the first 
FDA-approved 7 T machines have only been clin-
ically available for a few years as of this writing. 
As such, there exists some difference of opinion 
about the role of 7 T MRI in clinical practice.

 The Role of CT Imaging

CT, while a critical element of structural imag-
ing in stereotactic and functional neurosurgery, 
is largely used in conjunction with MRI to take 
advantage of the unique strengths of CT imag-
ing. CT’s advantages lie in its excellent visual-
ization of bone and implanted hardware as well 
as its high geometric accuracy due to the inher-
ent nature of its line-of-sight mode of image 
acquisition. Indeed, MR images alone may dis-
tort the AC-PC landmarks critical for atlas-
based strategies to a clinically significant 
degree. Fusion with CT imagery along with 
computational correctional methods can help 
correct for this distortion [61, 62]. CT methods 
with current fusion algorithms provide good 
spatial validity necessary for accurate coordi-
nate derivation [19, 63].

Postoperative imaging to verify electrode 
placement may be done by fusing preoperative 
MRI scans with a postoperative CT scan. One 
significant advantage of this strategy is that it is 
only through CT imaging that leads can be 
directly visualized. The metallic electrode con-
tact creates an eccentric signal void on MRI, pre-
cluding direct visualization of the contact [64]. 
One group also noted that when the preoperative 
scan used as the reference scan was a CT scan (as 
opposed to a preoperative MRI), the resultant 
preoperative/postoperative fusion images were 
more accurate [65]. Proponents of postoperative 
stereotactic MRI, however, note that the fusion 
algorithm itself can be a source of error, although 
this error appears to be shrinking with advances 
in fusion algorithms [66–68]. Other benefits of 
postoperative CT imaging include reduced time 
and cost with the concomitant effects on avail-
ability as well as patient comfort and safety.

With regard to vascular imaging in surgical 
planning, both contrast-enhanced MRI and CT 
angiography can visualize vessels, although 
interestingly, vessel location was not identical in 
the majority of vessels when the two modalities 
were compared head-to-head. In these cases, 
CTA localization is considered more accurate. 
Furthermore, 22% of all vessels were seen only 
in MRI, while another 13% of vessels were seen 
only by CTA, raising the prospect that both 

H. Sharma and C. B. Mikell



67

 imaging modalities may be necessary to mini-
mize the risk of hemorrhage [69].

Disadvantages to the use of CT imaging 
include the fact that it must be performed in con-
junction with MRI to generate sufficient soft- 
tissue contrast, the risks associated with the 
fusion process as discussed above, and exposure 
to ionizing radiation, which is proportional to the 
resolution achieved.

 Functional Imaging

While the primary focus of this chapter is struc-
tural neuroimaging, there are aspects of func-
tional imaging that can be used in conjunction 
with structural neuroimaging to help identify tar-
gets for functional neurosurgery, and so a few 
pertinent topics will be discussed here.

Functional neuroimaging, which in the con-
text of functional neurosurgery can be thought 
of as a subset of the technical arsenal used for 
functional brain mapping, differs from struc-
tural neuroimaging in that it seeks primarily to 
ascertain the underlying patterns of neuronal 
activity that correspond to brain activity associ-
ated with specific tasks or functions. Generally, 
functional neuroimaging techniques use hemo-
dynamic or metabolic changes as surrogates for 
the underlying neuronal and glial activity. 
Functional neuroimaging helps improve person-
alization of targets in the setting of interindi-
vidual variability and can particularly be a 
critical adjunct to structural imaging in the con-
text of disease and structural changes leading to 
plasticity and/or mass effect.

Two widely used forms of functional neuro-
imaging are functional MRI (fMRI) and PET 
imaging.

 Functional MRI

fMRI takes advantage of the fact that neuro-
nally active areas of the brain induce increased 
local blood flow and perfusion. As oxyhemo-
globin and deoxyhemoglobin have distinct 
magnetic properties, increased blood flow to a 
region can be detected by the influx of oxyhe-

moglobin, leading to a shorter T2 signal which 
is termed blood- oxygen- level-dependent 
(BOLD) signal [70].

The spatial resolution of fMRI is relatively 
high at approximately 1 mm, but when interpret-
ing such images, it is important to consider that 
the underlying perfusion changes themselves 
may not functionally have such high resolution. 
Similar constraints underlie the functional tem-
poral resolution of approximately 3 seconds [71]. 
Advantages over other methods of brain mapping 
include its noninvasive nature, repeatability, 
safety, and no need for radiation or exogenous 
contrast agents. fMRI can be used in patients 
with implanted DBS systems [72]. Disadvantages 
include difficulty imaging tissue-air interfaces, 
regions with neovasculature proliferation and/or 
certain tumors, and significant sensitivity to 
motion error, including head movement, cardiac 
pulsations, etc., which can induce systemic 
effects [73–75].

fMRI has been validated as a method to map 
eloquent cortex in the preoperative planning for 
tumor resection throughout the brain [76, 77] and 
is now widely used to determine language lateral-
ization in preoperative planning for epilepsy sur-
gery [78]. Some advocate for its use (along with 
magnetoencephalography or transcranial mag-
netic stimulation) over the Wada test in routine 
preoperative planning for these surgeries given 
its noninvasive nature and comparable efficacy 
with the Wada test [79].

Behaviorally, fMRI has been traditionally 
measured in paradigms involving responses to a 
specific stimulus or task in order to identify 
regions activated by discrete stimuli. However, 
resting state fMRI has started to move from 
research to clinical application in specific sce-
narios and can be particularly relevant to func-
tional neurosurgery in certain cases such as the 
identification of epileptogenic zones [80]. For 
example, resting state fMRI has been success-
fully used to identify sub-centimeter epilepsy 
foci for the treatment of hypothalamic hamarto-
mas. While the surgical treatment of these ham-
artomas is notorious for high morbidity, this 
approach to target identification significantly 
improved functional outcomes compared with 
patients who had a standard battery of MRI, and 
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in the 36 patients tested, this was associated with 
no neurologic, psychiatric, or endocrinologic 
morbidity [81].

 PET Imaging

PET imaging takes advantage of positron- 
emitting radioisotopes that generate gamma rays 
when their emitted positron collides with local 
electrons. These radioisotopes can be used to 
 create specific compounds, or tracers, that are 
taken up in specific circumstances which can 
thereby be used to map different metabolic 
events. As many different tracers can be made, 
the phenomena and structures defined by PET 
imaging are extremely flexible and broad, includ-
ing blood flow, glucose or amino acid metabo-
lism, and receptor occupancy [70]. As an 
example, one commonly used tracer is 2[18]
F-fluoro-2-deoxy-D- glucose (FDG). FDG is a 
glucose analog that is taken up by cells and 
trapped inside the cells by phosphorylation by 
hexokinase [82]. Thus, FDG can be used as a 
proxy measure for brain metabolism. Much like 
with fMRI, FDG is generally used in task-spe-
cific paradigms which are compared to baseline 
metabolism to identify regions associated with 
specific activities. FDG-PET can also be used to 
identify epileptogenic foci, especially if MRI 
studies are negative or inconclusive [83].

Benefits of PET include extremely high sensi-
tivity [71], albeit at the cost of signal-to-noise 
ratio [84]. PET imaging can provide quantitative 
results in a variety of contexts as it is also very 
flexible and applicable to a wide variety of func-
tional and behavioral tasks. Given the questions 
that still exist regarding the safety of high- 
strength fMRI fields with DBS systems, PET can 
provide an alternative means to study structural 
functionality in this patient population. PET is 
used extensively translationally to help visualize 
and validate new structural targets as well as 
identify responsiveness to intervention. For 
example, in 1999, based on previous PET imag-
ing, activation of the subgenual cingulate was 
theorized to play a role in both acute sadness and 
depression [85]. Furthermore, fluoxetine therapy 

for depression was shown to decrease the activity 
of this region [86]. By 2005, these data were used 
to guide the placement of stimulation leads into 
the subgenual ACC white matter in 20 patients 
with treatment-resistant depression. Follow-up 
PET scans showed reversal of preoperative PET 
findings of decreased blood flow to the subgenual 
ACC and related regions specifically in those 
who demonstrated sustained clinical response to 
stimulation [87].

Downsides include poor spatial resolution 
(approximately 4 mm), invasiveness, and radio-
activity, precluding its use in children. With 
regard to spatial resolution, one should be aware 
of the “partial volume effect” which can cause 
spillover into adjacent areas, misrepresenting the 
size of certain phenomena (reviewed in [88]).

 Current and Future Directions

Neuroimaging has heralded significant improve-
ment in the ability to directly view and target 
regions once estimated based on atlas-based 
methods. While neuroimaging techniques are 
used extensively in research and have demon-
strated reproducible findings, clinical validation 
still lags behind in many cases. As such, validat-
ing some of the approaches and strategies dis-
cussed in this chapter remains a major source of 
ongoing effort. As functional and structural neu-
roimaging continue to advance, prospective 
identification of efficacious targets and predic-
tion of response is expected to improve patient 
outcomes and increase tolerability. Indeed, cou-
pled with advances in our understanding of the 
neural circuitry underlying various disorders, 
functional and structural neuroimaging will 
likely continue to play an ever-more critical role 
in guiding neurosurgical therapies in the years to 
come.
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 Introduction

The study of brain networks using advanced MRI 
techniques is a rapidly developing field within 
the wide-ranging discipline of neuroscience [1, 
2]. In 2009, the US National Institutes of Health 
(NIH) announced funding for the 5-year Human 
Connectome Project (HCP) [3]. Since then, 
1200 healthy subjects have had their connec-
tomes mapped as part of the Young Adult Human 
Connectome Project using state-of-the-art ana-
tomical, diffusion and functional MRI scans 
[3]. This eventually led the HCP consortium to 
produce an updated map of the human cerebral 
cortex, published in the journal Nature under the 
title ‘The Brain Redefined’ in 2016. One hun-
dred eighty cortical areas per hemisphere were 
mapped using multimodal, advanced MRI con-
nectivity data and cutting-edge machine learning 
algorithms [4].

Since then, smaller disease-specific connec-
tomes have also been developed focusing on 
various brain diseases such as Alzheimer’s dis-
ease, blindness, anxiety, depression, epilepsy 
and early psychosis to shed light on the brain 
network dysfunction associated with these condi-
tions. Similar initiatives have been undertaken in 

Europe under the premise of the Human Brain 
Project (HBP) and the Virtual Brain neuroin-
formatics platform [5]. The importance of this 
field was highlighted again by the announce-
ment of 110 million USD funding for the BRAIN 
initiative (Brain Research through Advancing 
Innovative Neurotechnologies) by the Office 
of Science and Technology Policy at the White 
House in 2013. This initiative had, at its heart, 
the objective of supporting the development and 
application of innovative technologies to create a 
dynamic understanding of human brain function 
focusing on studying neural networks [6].

These advances have been received with 
enthusiasm by the field of stereotactic and func-
tional neurosurgery. This was not surprising con-
sidering that progress in functional neurosurgery 
has been inextricably linked to progress in neu-
roimaging techniques. Advances in MRI tech-
niques have made it possible to directly target 
deep brain structures with deep brain stimulation 
(DBS) or ablative surgery and improve safety 
based on improved visualisation of trajectories 
[7, 8]. Current models of the basal ganglia take 
into account the functionally distinct cortico- 
subcortical loops that form elements of the motor, 
associative and emotive systems, passing through 
the basal ganglia and thalamic nuclei, creating 
functional subregions within these structures 
with various degrees of overlap [9]. Localising 
these subregions (e.g. the sensorimotor sub-
thalamic nucleus [STN]) is not possible using 

H. Akram (*) · L. Zrinzo 
Unit of Functional Neurosurgery, UCL Queen Square 
Institute of Neurology and the National Hospital for 
Neurology and Neurosurgery, London, UK
e-mail: harith.akram@ucl.ac.uk

7

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-34906-6_7&domain=pdf
mailto:harith.akram@ucl.ac.uk


74

 conventional magnetic resonance imaging [9, 
10]. This underlying relationship between struc-
ture and function suggests that the efficacy of 
DBS and the prevention of unwanted side effects 
are influenced by the precise stimulation site 
within the anatomical target. Those functional 
subregions often show distinct electrophysiologi-
cal features. This has been exploited with the 
use of microelectrode recording (MER) to refine 
the final electrode location. However, the use 
of MER to refine the surgical target has several 
drawbacks. Conventionally, surgery will need to 
be carried out awake and off medications which 
can be arduous to some patients. Furthermore, 
there is a growing body of evidence suggesting 
that the use of electrophysiological markers is 
by no means a guarantee of a good long-term 
outcome. Location of the best MER activity has 
been shown not to necessarily correlate with the 
best clinical response on macro-electrode testing 
intraoperatively [11]. It has been demonstrated 
that a better predictor of a good long-term clini-
cal outcome may be the DBS lead position within 
the MRI-defined STN [12, 13]. At some centres, 
MER also commonly involves the insertion of 
two to five sharp microelectrodes into the target. 
This is likely associated with an increased risk of 
intracranial haemorrhage, which can in rare cases 
lead to devastating complications and even death 
[14, 15].

Image-guided and image-verified approach 
reduces the operative time and patient discomfort 
as surgery can be carried out under general anaes-
thesia [14], it allows for relocation of electrodes 
when results are suboptimal [15], and anatomical 
targeting errors can be detected and addressed 
before completing the procedure [16–18]. This 
approach provides the ability to carry out audit 
of contact locations leading to a positive impact 
on future DBS procedures. There are no facile 
means to replicate an ‘ideal MER recording’ in 
subsequent procedures. However, MRI-verified 
surgery allows for constructing a ‘DBS func-
tional map’ within the targeted structure through 
studying correlations between the contact loca-
tion, side effects and efficacy across a group. The 

data can then be replicated in future patients to 
improve targeting [19, 20]. Please refer to Chap. 
3 for a more detailed discussion of the advan-
tages and opportunities of intraoperative imaging 
in stereotactic surgery.

Using an image-guided and image-verified 
approach thus carries numerous advantages; 
however, conventional MRI does not provide 
information on functional mapping within the 
brain target in a way that MER does. Structural 
and functional connectivity studies have there-
fore aimed to provide the opportunity to examine 
the concept of ‘noninvasive’ functional mapping 
against ‘invasive’ mapping with MER. This can 
provide new ways to define the subregions in 
target nuclei, such as the STN in which stimula-
tion in the sensorimotor area gives the optimal 
results in PD patients [12, 21, 22]. These novel 
imaging methods also open the door to defining 
new targets based on innumerable brain mapping 
studies that have begun to define disease-specific 
connectomes and enhanced understanding of the 
pathophysiological basis of an array of neurolog-
ical and psychiatric diseases.

 Structural and Functional MR 
Connectivity

The science of mapping out brain connec-
tions is not new. The structural connectivity of 
the human brain has been studied for centuries, 
employing various techniques to define neural 
connections. Gross anatomical studies in the 
sixteenth century carried out by the anatomist 
Andreas Vesalius defined various major white 
matter tracts. Centuries later, the development of 
the microscope opened up the door for explor-
ing the microstructural architecture of neural tis-
sue. Tracer studies in nonhuman primates (NHP) 
allow scientists to make some inferences about 
the human brain, whilst brain lesion studies in 
humans similarly allow for mapping out ana-
tomical connections; however, diffusion MRI is 
the only noninvasive technique currently used to 
study the brain’s structural connectivity.
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 Functional Connectivity

Functional connectivity is characterised by syn-
chronisation in neural activity between differ-
ent regions in the brain. These regions might be 
directly (monosynaptically) or indirectly (poly- 
synaptically) connected. Imaging of neuronal 
activity was originally studied using positron 
emission tomography (PET) and single-photon 
emission computerised tomography (SPECT) 
techniques. Over the last decade, resting state 
fMRI has been used to study functional con-
nectivity by examining synchronicity in the 
haemodynamic response (HDR) on blood-
oxygen-level-dependent (BOLD) and other 
perfusion-sensitive (such as arterial spin label-
ling) sequences, thus determining correlations 
between different brain regions [19]. Functional 
connectivity mapping offers a relatively simple, 
noninvasive, and fast approach to mapping nor-
mal and pathological neural network changes. 
Resting state fMRI does not rely on an experi-
mental task design, making data analysis stream-
lined and less vulnerable to experimental bias 
[20]. Multiple statistical modelling techniques, 
such as seed-based correlation mapping, princi-
pal component analysis (PCA) and independent 
component analysis (ICA), can then be used to 
examine this functional connectivity [20, 23]. 
Networks can also be mapped using graph theory 
analysis exploring local small world network 
hubs as well as global connectivity measures. 
Resting state functional connectivity (fcMRI) 
has been used in various clinical applications 
[24]. For example, selective changes were found 
in individuals at risk of Alzheimer’s disease [25] 
and also documented in patients with major 
depression [26]. Statistically significant positive 
correlations have been found between fcMRI and 
structural connectivity [27–30].

The underlying basis for this modality stems 
from the observation that the time course of 
low- frequency (<0.1  Hz) fluctuations in blood- 
oxygen- level-dependent (BOLD) signal has a 
high degree of temporal correlation in func-
tionally connected brain areas or ‘nodes’ [31]. 
Moreover, this slow frequency signal may cor-
relate with neural electrophysiological activity at 

higher frequencies [32], in the alpha band range 
[33], in the gamma band range [34] and in the 
beta band range [35], thus providing inference 
between networks identified using fcMRI and 
their underlying neurophysiological correlates. 
This relationship can be very useful in studying 
and understanding Parkinson’s disease (PD) neu-
rophysiology as functional connectivity changes 
may reflect the abnormal synchronised oscilla-
tions in PD.  Functional connectivity has been 
used to differentiate PD patients from controls 
[36] as well as to explore the cognitive deficit 
associated with PD [37]. It has been shown that 
differences in functional connectivity patterns of 
the basal ganglia, as mapped using resting state 
fMRI, are associated with different degrees of 
response to L-DOPA therapy in patients with 
advanced PD. This is consistent with the hypoth-
esis that the clinical effects of dopamine are a 
result of remapping of functional connectivity 
[38]. Further studies have examined the func-
tional connectivity changes in relation to STN 
DBS producing new models of mechanism of 
action [39] and outcome prediction [40]. A useful 
guide to network modelling and fMRI acquisi-
tion can be found in a review by Smith et al. [41].

 Structural Connectivity

Structural connectivity defines direct (monosyn-
aptic) anatomical connections via axonal bundles 
between different brain regions. This can be 
assessed using MR diffusion connectivity.

There is no ‘standard’ approach to acquiring 
and processing diffusion MRI data. This is partly 
due to the mixture of applications of diffusion 
imaging and the restraints associated with acquir-
ing and processing high-quality data. As a result, 
a plethora of specialised software platforms have 
been developed, each offering different ways of 
data processing and visualisation.

The domain of diffusion MRI can be broadly 
divided into two categories: (1) the study of the 
scale, density and organisation of brain tissue 
microstructure, e.g. fractional anisotropy (FA), 
mean diffusivity (MD), neurite orientation 
dispersion and density imaging (NODDI) and 
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(2) the study of macrostructural connectivity by 
means of tractography. The latter can be mostly 
subdivided into deterministic, probabilistic and 
global approaches [42].

An Introduction to Diffusion MRI Acquisition.
MRI is highly sensitive to water tissue con-

tent. As a result of Brownian motion, water mol-
ecules are mobile and not static. This motion 
can be random in isotropic environments (e.g. 
grey matter or CSF) or directional in anisotro-
pic environments (e.g. axonal fibre bundles or 
blood vessels). A directional displacement of 
sensitised water molecules (phase shift) can 
result in a detectable MRI signal loss. This out-
lines the basic principle of diffusion imaging. In 
areas of restricted water diffusion, the orientation 
of white matter tracts can be inferred from the 
signal loss incurred due to phase shift along the 
diffusion direction. This conventionally involves 
the use of a pulse-gradient spin echo sequence, 
where gradient pulses are applied on both ends 
of the 180° refocusing pulse. The signal is then 
acquired using a single-shot rapid image acquisi-
tion method such as echo-planar imaging (EPI). 
The strength and duration of the gradient pulse 
are directly related to signal loss along the dif-
fusion direction or to the ‘diffusion effect’. 
The factor that reflects the strength and timing 
of the gradients is termed the b-value (s/mm2). 
Each diffusion direction is encoded in x, y and 
z coordinates of the corresponding gradients. 
Acquiring more diffusion directions results in 
higher angular resolution. This, however, comes 
at the expense of increased scanning time [42].

Other factors can influence the way diffu-
sion MRI data is acquired. These include the 
static magnetic field strength, spatial resolution 
(voxel size), number of diffusion shells, number 
of averages acquired, phase encoding direction, 
the quality and number of channels in the receive 
head coil, the use of in-plane acceleration or 
multi-slice acquisition, etc.

At the centre of any MRI acquisition, there 
is a central trade-off between signal-to-noise 
ratio (SNR), image spatial resolution and scan-
ning time. With an increase in the static mag-
netic field comes an increase in the intrinsic SNR 
(7 T > 3 T > 1.5 T) but not without drawbacks, 

mainly increased inhomogeneity of both the main 
field (B0) and the RF transmit field (B1), resulting 
in worsening geometrical distortion, in addition 
to the increased specific absorption rate (SAR) 
resulting in safety implications [43], which is of 
particular concern in stereotactic and functional 
neurosurgery where MR safety in the setting of 
implants is paramount. Diffusion sequences are 
therefore highly customisable. Careful attention 
to optimising the scanning parameters should be 
sought to ensure that the appropriate sequences 
are acquired.

 Modelling Diffusion in a Voxel
Several diffusion methods have been devel-
oped, each with its strengths and limitations. 
These include diffusion kurtosis imaging (DKI) 
[44]; Q-space imaging such as diffusion spectral 
imaging (DSI) [45] and hybrid diffusion imaging 
(HYDI) [46]; and model-based approaches such 
as the composite hindered and restricted model 
of diffusion (CHARMED) [47], NODDI [48] 
and diffusion basis spectral imaging (DBSI) [49]. 
The most popular diffusion models by far are dif-
fusion tensor imaging (DTI) and high angular 
resolution diffusion imaging (HARDI).

Diffusion Tensor Imaging (DTI)
DTI is one of the simplest models used to 
describe the anisotropic diffusion phenomenon 
in brain tissue. The use of the term is so ubiq-
uitous it has become  – wrongly  – synonymous 
with DWI and with tractography. DTI was first 
described in 1994 [50] as a three-dimensional 
model of Gaussian diffusion displacements in a 
voxel, depicted in a 3 × 3 covariance matrix:
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In order to visualise the tensor as an ellipsoid 
(Fig. 7.1), the covariance matrix can be diagon-
alised to yield three eigenvalues (λ1 > λ2 > λ3) 
and their corresponding eigenvectors (ε1, ε2 
and ε3).

Several scalar matrices, to describe tissue dif-
fusion properties on the microstructural level, 
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can be derived from this tensor model such as FA, 
axial diffusivity, radial diffusivity and MD.

The DTI model has several limitations none-
theless, mainly its inability to resolve multiple 
fibre orientations in a voxel. Furthermore, the 
assumption of a Gaussian diffusion profile, which 
is at the heart of the DTI model, fails at higher 
b-values. This has necessitated the introduction 
of more complex models to describe the diffusion 
signal beyond the simple tensor [42].

High Angular Resolution Diffusion 
Imaging (HARDI)
In this diffusion method, higher b-values (1000–
3000  s/mm2) and number of diffusion direc-
tions (in a single shell) are needed when data is 
acquired. An ensemble of a finite number of dif-
fusion tensors is modelled in each voxel [51]. This 
is a more complex model of diffusion than DTI, 
and it allows for the resolution of multiple cross-
ing fibres (e.g. in spherical deconvolution) [42].

 MR Diffusion Tractography
Tractography is a technique used to study white 
matter pathways and structural connectivity in 
brain tissue. It is employed after diffusion mod-
elling at the voxel level described in the prior 
section. Tractography relies on indirect mea-
surements to create ‘tracts’ through brain vox-
els. Inferences can be made from these tracts 
to represent white matter pathways [52]. These 
pathways have been validated in histologi-

cal studies, correlating well with known anat-
omy [53]. The connectivity profile of a region 
of interest can be used to segment this region 
according to the maximum probability of con-
nection to the cortex and or to other regions 
in the brain [54, 55]. This technique has been 
applied to segment structures within the basal 
ganglia network [56–58].

Tractography is error prone and has several 
limitations; however, it remains the only nonin-
vasive method available to measure the structural 
connectivity in the human brain tissue in  vivo. 
Tractography algorithms can be local or global, 
deterministic or probabilistic, model based or 
model-free.

 Deterministic Versus Probabilistic 
Tractography

Deterministic tractography is a technique that 
involves the creation of streamlines starting 
from a seed region of interest in white matter 
and passing through voxels by following the 
first eigenvector of the diffusion tensor (i.e. the 
principal direction of diffusion), effectively con-
necting the arrows in each voxel. Streamlines 
are then terminated when they reach a target 
seed or fall below a set curvature or FA value 
(e.g. in areas of low anisotropy). Deterministic 
tractography has been very successful in white 
matter pathway delineation [59]. Since this 
method usually relies on the DTI model, diffu-
sion data acquisition and processing are rela-
tively fast. Despite its success in visualising 
large white matter tracts, deterministic tractog-
raphy has significant drawbacks. These include 
the inability to accurately visualise tracts in 
areas of low anisotropy (e.g. thalamus) or high 
noise (e.g. brainstem) and modelling errors in 
areas of high anatomical complexity (e.g. cross-
ing or kissing fibres). Moreover, errors incurred 
during streamline visualisation can get easily 
propagated resulting in anatomically errone-
ous connections [60], resulting in white mat-
ter pathways that are implausible or known not 
to exist. Concerns regarding ‘accuracy’ and 
‘reproducibility’ have also been recently raised 

Fig. 7.1 The DTI ellipsoid. (© 2019 Harith Akram)
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[61]. Overall, deterministic tractography tends 
to ‘underestimate’ the number of streamlines in 
a pathway [62].

Probabilistic tractography does not utilise 
‘streamlining’. Instead, a function of uncertainty 
of the fibre orientation measurement is created in 
each voxel. This is often referred to as the orien-
tation density function or ODF. Once fibre mod-
elling is carried out in each brain voxel, tracts can 
be generated by the propagation of uncertainty 
over multiple iterations [52].

In contrast to deterministic tractography, prob-
abilistic tractography can generate tracts in areas 
of low certainty (low anisotropy, high noise, etc.). 
It can also provide statistical metrics of connec-
tivity. This method requires higher-quality data 
(in a single shell, i.e. HARDI, or in a multi- shell 
form). It is also computationally demanding. 
These factors translate to relatively long acquisi-
tion and processing times. Having said that, with 
advancements in MR image acquisition (e.g. 

multiband acquisition) and processing (e.g. GPU 
processing), these approaches are becoming 
more feasible in a clinical setting [63], although 
not regularly deployed at time of publication. In a 
recent comparison of different tractography tech-
niques, probabilistic tractography was shown to 
produce results closest to the ground truth; how-
ever, it also resulted in more false positives than 
deterministic approaches (Fig. 7.2) [62].

 Applications of MRI Connectivity 
in Functional Neurosurgery

The applications of MRI structural and func-
tional connectivity can be broadly divided into 
at least five main categories: (1) the visualisa-
tion of surgical targets not readily identifiable 
on conventional imaging techniques, e.g. the 
ventrointermedialis (Vim) nucleus of the thala-
mus and the dentato-rubro-thalamic tract, used in 

Low probability

Multi-fibre model

DTI

FA=0

High probability

Probabilistic tractographyDeterministic tractography

Fig. 7.2 Diffusion modelling and deterministic vs. probabilistic tractography
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the treatment of tremor; (2) the refinement of the 
surgical target within the functional subzones of 
basal ganglia structures, e.g. the STN [64]; (3) 
the building of treatment predictive models [38, 
40]; (4) the identification of new targets such 
as the ventral tegmental area (aka the posterior 
hypothalamic region) for the treatment of cluster 
headache [65] and CG25 as an experimental tar-
get for the treatment of depression [66]; and (5) 
the investigation of the underlying pathophysiol-
ogy and the treatment mechanism of action [67]. 
Other applications may emerge with even more 
experience and evolution of the field.

Presently, the main application of connectivity 
in functional neurosurgery has been in thalamic 
surgery for tremor. Individualised, image-guided 
and image-verified targeting of the Vim has been 
a quest for many in the field. Inter-individual 
variability in the Vim’s location has been illus-
trated in several studies. This was clearly shown 
in a functional connectivity study that analysed 
resting state fMRI scans in 58 healthy subjects 
[68]. Considerable individual variability of atlas- 
based Vim targeting was again demonstrated in 
a study that examined the Vim’s relation to sur-
rounding major fibre tracts using deterministic 
tractography in 10 patients with thalamic DBS 
for ET [69]. The interest in mastering the appli-
cation of connectivity in defining the thalamic 
target for tremor serves as proof of principle of 
the value of connectivity-based targeting and the 
potential of this approach for other diseases and 
other applications. The next section therefore 
focuses on this new and emerging translational 
application of connectivity.

 The Application of MR Connectivity 
in Tremor Surgery

The Vim of the thalamus is an established surgi-
cal target for stereotactic ablation and DBS in the 
treatment of tremor in PD, essential tremor (ET) 
and multiple sclerosis [70–77]. A subjacent area, 
the caudal zona incerta (cZI), is another effective 
DBS target for the treatment of tremor [78–82].

The Vim is centrally placed on a cerebello- 
thalamo- cortical network in which pathologi-

cal oscillations, possibly triggered by pallidal 
dysfunction in the case of PD, are thought to 
be culpable for tremor [83]. The cortical focus 
in this tremor network is in the primary motor 
cortex, connected to the dentate nucleus of the 
 contralateral cerebellum through the dentato-
rubro- thalamic tract (DRT) via the Vim [84–89].

The Vim is not readily visible on conven-
tional, stereotactic MR imaging sequences used 
in image-guided and image-verified surgery 
[90–93], although it may be visible on some MR 
sequences as described in Chap. 3. Identifying 
the nucleus traditionally involves indirect target-
ing relying on atlas-defined coordinates in rela-
tion to the anterior commissure (AC)–posterior 
commissure (PC) points as landmarks, along with 
other identifiable structures such as the lateral 
thalamic/internal capsule border [94]. Needless 
to say, this approach does not fully account for 
individual variability. Furthermore, surgery often 
needs to be performed with the patient awake to 
allow for intraoperative confirmation of targeting, 
which can be a source of discomfort for patients 
[95]. Moreover, intraoperative confirmation is 
not always readily feasible, e.g. when performing 
a thalamotomy using Gamma Knife [96].

To overcome this, various imaging techniques 
have been proposed to identify the Vim. Ultra- 
high field MRI provides high contrast-to-noise 
ratio between thalamic nuclei, better segmenting 
the nucleus. However, this modality is not readily 
available in a clinical setting [97]. Another tech-
nique relies on contrast in coloured fractional 
anisotropy (FA) maps, a product of diffusion ten-
sor imaging (DTI) [98, 99]. Simple visualisation 
of the first-order tensor fields in DTI has also been 
used to generate deterministic tractography mod-
els of the DRT, which is then targeted by DBS 
[100–103]. This modality is commonly acces-
sible in clinical settings, and imaging is relatively 
swift to acquire and process. However, it car-
ries limitations related to disentangling crossing 
fibres, tracking in areas of low anisotropy (e.g. 
the thalamus) [19] and overall accuracy [61].

An emerging modality utilises high angular 
resolution diffusion imaging (HARDI) and prob-
abilistic connectivity-based segmentation of  
the thalamus [25, 53, 103–106]. This technique  
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successfully models crossing fibres and grey 
matter (low anisotropy) connectivity and 
achieves high signal-to-noise ratio but requires 
prolonged image acquisition and large compu-
tational resources which are impractical in clini-
cal practice. Novel MRI acquisition techniques, 
such as simultaneous multi-slice imaging and 
multi-band imaging [104], have reduced scan-
ning time. Furthermore, advances in computer 
processing techniques and relying on graphical 
processing units to carry out diffusion analysis 
have facilitated the use of this modality in clini-
cal practice [105, 106]. The first study that devel-
oped this approach was carried out by Behrens 
et  al. in 2003. Probabilistic tractography was 
used to delineate the boundaries between differ-
ent thalamic nuclei, based on connectivity pat-
terns between the thalamus and various cortical 
areas [55]. This was the first time probabilistic 
tractography was used to parcellate grey matter 
structures, obtaining the quality of results that 
traditional maximum-likelihood or streamline 
approaches have failed to produce [107]. The 
resulting thalamic segmentation corresponded 
relatively well with previous histological findings 
[108] and tracer studies in nonhuman primates 
but was not perfectly equivalent [109–116]. This 
technique was further validated in another study 
in 2004 [54]. Other grey matter structures have 
also been segmented with a similar approach [57, 
58, 117] (Fig. 7.3).

Several studies have since used probabilis-
tic tractography to examine Vim connectivity 
to cortical and cerebellar areas [118–120], or 
to segment the Vim based on said connectivity 
[106, 121]. The first of such studies to apply this 
approach to patients with DBS was presented in a 
pioneering study by Pouratian et al. in a post hoc 
analysis of six patients with bilateral Vim DBS 
and validated in four additional patients from a 
secondary institution [122].

Since the publication of the study by Behrens 
et  al. in 2003 [55], several studies have set out 
to replicate these results using hard-segmentation 
algorithms to form boundaries between tha-
lamic nuclei [122–124]. Although the results of 
these studies show similar patterns of segmen-
tations, they all have individual inconsistencies. 

This can be explained by the high variability in 
dMRI acquisition and processing; the known 
susceptibility to geometrical distortion leading 
to registration inaccuracies; and the variability 
in the cortical seed region of interest definition. 
Furthermore, tractography has inherent limita-
tions related to the laterality of the seed region 
whereby medially located regions of interest 
(i.e. the supplementary motor area (SMA)) will 
have stronger connectivity to the thalamus when 
compared to a more laterally located region (i.e. 
the cortical hand area). This can result in an erro-
neously large thalamic-SMA region. For these 
reasons, meaningful and anatomically accurate 
in  vivo segmentation of the human thalamic 
nuclei continues to be a challenge in the field of 
neuroimaging. Lack of contrast between these 
nuclei on conventional MRI [90] is potentially 
a consequence of the lack of distinct anatomi-
cal borders between these structures in the first 
place [121]. Complicating things further, the 
disparities between the various histological and 
cytochemical classification systems have led to 
a diverse range of grouping and naming conven-
tions [121, 125, 126].

The thalamic nuclei, constructed with diffu-
sion connectivity to cortical areas and demar-
cated with a hard-segmentation algorithm, differ 
in their neuroanatomical orientation, shapes and 
relative sizes when compared to a ground truth 
model [121]. The biggest differences are seen in 
the lack of overlap between the nuclei and in the 
mediolateral orientation which is almost perpen-
dicular to the midsagittal plane as opposed to the 
expected 45° orientation [121].

These inaccuracies in diffusion connectivity- 
based segmentation may not be significant for 
illustration purposes but are detrimental when 
using these maps in surgical targeting where a 
good outcome may hinge on submillimetric accu-
racy. Therefore, in order to rely on these compu-
tational models in surgery, multiple validation 
methods are required (e.g. the overlapping of the 
M1-thalamic segment with the cerebellar input 
into the thalamus [127]). Segmenting the tha-
lamic area connected to the contralateral cerebel-
lar dentate nucleus is further representative of the 
actual Vim. This area was traditionally harder to 
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segment due to inherent difficulties in diffusion 
connectivity techniques highlighted above, but 
with advances in MRI and computer power, this 
aim has become more achievable. Connectivity-
based segmentation of the Vim can be performed 
in individual patients in a clinically feasible tim-
escale, using HARDI and high- performance com-
puting with parallel GPU processing [127]. The 
thalamic area with highest connectivity to the 
contralateral dentate nucleus has been shown to 
lie within the much larger area with the highest 
connectivity to M1 in a ventrolateral position. The 
area with highest connectivity to the SMA and 
PMC lies anterior to the M1 area. The area with 
highest connectivity to S1 lies posterior to the M1 
area. This is in keeping with known anatomical 

information [128]. The ventral posterior (VP) tha-
lamic nuclear complex relays impulses of sensory 
systems to S1, whilst ventral lateral (VL) nuclear 
complex relays information from the cerebellum, 
basal ganglia and substantia nigra (SN) [128]. 
The VL complex is generally subdivided into the 
pars anterior (VLa), pars posterior (VLp) and pars 
medialis (VLm). The VLa relays afferents from 
the globus pallidus interna (GPi) to the PMC and 
SMA [94, 129–134], whilst the VLm relays input 
from the SN to the PMC and prefrontal cortex 
[109, 135, 136]. The VLp receives a large, topo-
graphically organised input from the cerebellar 
nuclei, projecting principally to M1 [128, 130, 
132, 137, 138]. The Vim corresponds to the infe-
rior part of the VLp [109] (Fig. 7.4).

Premotor cortex

Prefrontal cortex

Primary motor

Primary sensory

Posterior parietal

Primary visual

Temporal cortex

Fig. 7.3 The use of cortical connectivity to segment the thalamus. (© 2019 Harith Akram)
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It is important to bear in mind that the tradi-
tional subdivisions of the thalamus [128, 129] 
are primarily based on histochemical staining of 
serial sections of human thalami, rather than ana-
tomical connectivity. It is entirely possible that 

the optimal ‘functional’ target straddles these 
subdivisions. Moreover, it is mechanistically 
likely that network connectivity of the target area 
will be a better predictor of efficacy than its his-
tochemical properties.

S1

M1

SMA

Dent

Fig. 7.4 Connectivity-derived thalamic template. (© 2019 Harith Akram)
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Choosing the appropriate diffusion imaging 
parameters is paramount to achieving accurate 
segmentation of grey matter structures [139–
141]. In vivo probabilistic tractography studies in 
the cerebellum, brainstem and diencephalon carry 
significant challenges. Motion artefacts, caused 
by the highly pulsatile nature of the region, can 
degrade the MRI signal during diffusion image 
acquisition, reducing the signal-to- noise ratio 
(SNR). This is complicated by the presence of 
myriad criss-crossing axons and reticular brain 
regions [142, 143]. One way of dealing with 
this is by using pulse-gating and respiratory rate 
monitoring during diffusion imaging. Likewise, 
by acquiring multiple diffusion scans, at a high 
angular resolution (increasing acquisition time), 
SNR is improved [50, 106, 143].

Deterministic approaches have generally 
failed to produce anatomically accurate repre-
sentations of the DRT tract, generally showing 
the tract to arise from the ipsilateral, not the con-
tralateral dentate nucleus [101–103], or stopping 
at the upper brainstem decussation level [100]. 
This may not be problematic when the DRT tract 
itself is being targeted, as it is the case in these 
reports; however, to accurately segment the Vim 
based on cerebellar connectivity, the crossing 
cerebellar streamlines must be mapped. Clear 
crossing of the DRT tract can be shown from 
the contralateral dentate nucleus, which passes 
through the segmented dentate area in the thala-
mus all the way to M1 using probabilistic trac-
tography [127].

 Challenges and Limitations 
of Current MR Connectivity 
Techniques

In order to explore the utility of MR connectivity 
in functional neurosurgery, it is essential to first 
understand the limitations of these techniques. 
Tractography makes inferences from water dif-
fusion direction to produce models of white 
matter bundles. This is a gross representation of 
neural axons and is highly dependent on voxel 
size (spatial resolution), number of diffusion 
directions (directional resolution), field strength 

and many more highly customisable parameters 
from sequence acquisition to pre-processing, 
post- processing and study design, all of which 
can affect the results. Tractography does not pro-
vide information on directionality and struggles 
in regions with crossing or kissing fibres [144]. 
Furthermore, tractography has a propensity for 
favouring short, mesial and straight stream-
lines over long, lateral and tortuous ones [144] 
(Fig. 7.5).

Resting state functional MR connectivity can 
be heavily influenced by motion artefact and 
medications. The spatial resolution is usually 
considerably poor. Moreover, these techniques 
are largely limited to group-level analysis. Whilst 
this is useful in exploring group-wise changes, 
inferences on the individual level cannot be 
readily made, especially on a diagnostic/predic-
tive capacity. This may limit the clinical appli-
cation of the technique in individual patients. 
Both structural and functional MR studies rely 
on image registration which can introduce errors 
that are unacceptable in stereotactic surgery.

A recurrent concern with MR connectivity 
studies is that of reproducibility. In contrast to 
studies that explore a therapeutic intervention, 
whether pharmacological or surgical where the 
treatment can often be standardised and veri-
fied, connectivity imaging studies are inher-
ently difficult to reproduce. This is attributed to 
the diversity of MRI acquisition and processing 
techniques. Furthermore, by employing multiple 
registration steps, errors are introduced to the 
system. Nonetheless, meticulous confirmation 
of registration accuracy at each step can alleviate 
the impact of this issue.

Scanning time can also pose a big challenge 
especially in non-academic centres. Long scans 
can also result in difficulties for many patients 
undergoing DBS surgery, mainly those under-
going surgery for movement disorders; how-
ever, novel MRI acquisition techniques, such as 
simultaneous multi-slice imaging and multi-band 
imaging [104], have greatly reduced acquisition 
times without compromising the SNR.

Another limitation of connectivity studies is 
often caused by the reliance on DBS volumes of 
tissue-activated (VTA) models [145]. These are 
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mostly simplified, finite element linear models 
that do not account for local impedance inhomo-
geneity. Indeed, various models over- or underes-
timate the VTA [146]. The presence of axons of 
different diameters and cell bodies, with variable 
action-potential thresholds, in the DBS region, 
complicates matters further. Ultimately, if a lead 
is optimally placed in a sweet spot of the func-
tional target, lower currents should be required to 
achieve therapeutic responses, and VTA models 
should be less of a concern.

 Standardisation of Methods

Method standardisation is by far the biggest chal-
lenge facing the field. Diffusion data are noisy 
and the sequences are highly variable and con-
figurable. Moreover, data analysis is based on sta-
tistics and has many options and alternatives with 
more than one ‘right’ way (but many wrong ways) 

of analysis [19]. This, combined with the relative 
paucity of patients undergoing connectivity stud-
ies and functional neurosurgery, makes it essential 
rather than desirable to have standardised imaging 
paradigms and processing in order to reproduce 
and validate the results of these studies.

 Quantification of Connectivity

A real challenge in connectivity studies, espe-
cially in measuring grey matter connectivity, is 
coming up with a quantifiable measure of con-
nectivity [63]. Various connectivity indices have 
been proposed using normalised streamline count 
[64]. These are by no means perfect. Tractography 
has many biases and can result in  false-positive/
negative tracts. Connectivity measures can also 
be affected by crossing fibres, distance, size of 
seed/target masks and the straightness/curvature 
of the streamlines.

Fig. 7.5 Operative targeting of the connectivity-derived Vim. Black area represents voxels with maximum connectivity 
to the contralateral dentate nucleus
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 DBS Volume of Tissue Activation

This is certainly a challenging area that will 
require further development. The available 
models are oversimplified and often do not con-
sider inhomogeneity in  local impedance [147]. 
Improving the existing models cannot, however, 
rely only on improving the mathematical model 
but also on a better understanding of the mecha-
nism of action of DBS therapy itself [148]. It is 
likely that the emergence of more ‘steered’ stim-
ulation with directional electrodes will enrich the 
available models by providing more specific effi-
cacy and side-effect data to correlate with virtual 
stimulation models.

 Conclusion and Future Directions

Continuous advances in MRI techniques may 
lead to improvements in structural, diffusion or 
functional imaging. Higher spatial resolution and 
SNR with shorter acquisition times are bound 
to provide better data and applicability in clini-
cal settings. Furthermore, machine learning and 
artificial intelligence (AI) are likely to change 
the way multimodal data are analysed [149]. 
Multivariate pattern analysis of neuroimaging 
data achieves increased sensitivity in detecting 
spatially distributed effects not usually detected 
by univariate analysis [149]. Using machine 
learning algorithms will allow for the use of data 
from group studies to apply to individual data-
sets. This can significantly increase the clini-
cal applicability of connectivity studies, which 
often require large groups to overcome biases 
from the spatial reconstruction of connections 
resulting in false-positive and/or false-negative 
results [63, 150].

Another important development will come 
from further advances in computational power 
and GPU parallel processing techniques. This 
has already led to substantial reductions in big 
dataset processing time, allowing the use of con-
nectivity studies in clinical settings [105].

The use of advanced MRI connectivity stud-
ies takes our understanding of brain networks to 
the next level and provides us with new tools to 

refine targeting and patient selection, as well as 
to better understand the treatment mechanisms of 
action and disease pathophysiology.

The use of these techniques should come 
with caution. Heavy reliance on complex statis-
tical methods and variability in image acquisi-
tion and analysis pose real challenges. Clinicians 
delving into this world ought to have a good 
understanding of the science and the methods in 
order to achieve accurate results and meaning-
ful outcomes rather than relying on a black box 
approach. Doing otherwise will not only result in 
erroneous interpretations of the data, thus poten-
tially harming patients, but can also cause harm 
to the reliability of the techniques themselves, 
jeopardising progress in this exciting field.
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Abbreviations

AC-PC Anterior commissure–posterior 
commissure

CT Computed tomography
DBS Deep brain stimulation
DSP Digital signal processing
EMG Electromyography
GPe Globus pallidus externus
GPi Globus pallidus internus
LFP Local field potential
MER Microelectrode recording
MRI Magnetic resonance imaging
PD Parkinson disease
SNr Substantia nigra pars reticulate
STN Subthalamic nucleus
UPDRS Unified Parkinson’s Disease Rating 

Scale
Vc Ventrocaudalis

Vim Ventral intermediate nucleus of the 
thalamus

Voa Ventralis oralis anterior
Vop Ventralis oralis posterior

 Physical Principles 
of Microelectrode Recording

Microelectrode recording (MER) is the technique 
of inserting a small, high-impedance electrode 
into the brain parenchyma and recording sponta-
neous and evoked neural activity. This activity 
takes the form of both single-neuron activity 
(“spiking”) and local field potential (LFP) activ-
ity. The patterns of recorded activity differ in pre-
dictable ways depending on the anatomical 
location and disease state. These differentiable 
patterns in MER allow the physician to infer the 
anatomical location of the electrode, which can 
then be used to map deep brain structures.

In design, a microelectrode consists of a con-
ducting metal filament (often tungsten, plati-
num–iridium, stainless steel, or other rigid metal) 
fit inside a separate shielding cannula (Fig. 8.1). 
The electrode is insulated with a nonconductive 
material such as Parylene C or glass, with only 
the sharpened electrode tip deinsulated. The abil-
ity of a microelectrode to record single neurons is 
dependent on the surface area of its exposed tip. 
The exposed area should be commensurate with 
the size of a cell, ~15–25  μm in diameter [1]. 
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Electrodes with larger exposed surfaces tend to 
record from larger populations of cells and are 
termed macroelectrodes. With a large enough 
macroelectrode, thousands to millions of cells are 
recorded simultaneously such that individual 
cells are no longer discernible, as is the case for 
intracranial electrocorticography or scalp 
electroencephalography.

Typical microelectrodes have impedances in 
the range of 500  kΩ to 1  MΩ. In comparison, 
deep brain stimulation (DBS) macroelectrodes 
have impedances nearly 1000 times smaller, 
between 1 kΩ and 2 kΩ [2]. The high impedance 
of microelectrodes is directly related to the sur-
face area of the microelectrode: The smaller the 
surface area for a given material, the higher the 
impedance. Large changes in electrode imped-
ance during recording sessions thereby suggest 
damage to the electrode’s insulation.

It is a common misconception that only high- 
impedance electrodes can record single cells. The 
ideal electrode for single units would in fact have 
as small an impedance as possible, coupled with 
a very small exposed surface area (commensurate 
with the size of a single neuron, as noted earlier). 

Low impedance is desirable because thermal 
noise in the electrode is proportional to the square 
root of electrode impedance—known as Johnson–
Nyquist noise [3], V k TZ fRMS B= 4 D , where 
VRMS is the root-mean-squared voltage (noise), kB 
is Boltzmann’s constant, Z is the impedance, and 
Δf is the frequency band of interest in Hz. As an 
example, if the impedance of an electrode 
increases fourfold, the thermal noise affecting the 
recordings doubles.

In general, small electrodes have high imped-
ance, so “high impedance” has become inter-
changeable with “small diameter”; however, many 
materials can be electroplated or otherwise coated 
with more conductive substances to decrease 
impedance while leaving the exposed surface area 
unchanged. Alternatively, surfaces can be made 
“rougher” by techniques like platinum black pulsed 
plating, increasing the effective surface area while 
keeping the electrode diameter near constant [4]. 
These methods help lower electrode noise while 
not compromising the ability to record single cells.

The microelectrode is attached to a preampli-
fier (sometimes called a “headstage”) that is 
mounted on the stereotactic frame (Fig. 8.2). The 
headstage converts the high-impedance signal of 
the microelectrode to a buffered low-impedance 
signal, which is far less susceptible to noise [1]. 
Because all electrical voltages are potential dif-
ferences between two points, the voltage recorded 
by the microelectrode must always be obtained in 
comparison with another electrode elsewhere. 
This is often done by “grounding” the patient and 
using this ground as the reference. To accomplish 
this, most recording systems have an alligator 
clip or other system with which to connect the 
recording system’s ground via a low-impedance 
connection to the patient. This can be done, for 
example, by connecting the implanted guide tube 
to the ground, which acts as a large, low- 
impedance connection with the patient. This also 
permits the guide tube to act as a Faraday cage 
for the microelectrode, reducing noise [5].

To provide additional recording options, most 
microelectrodes also have another exposed sur-
face (e.g., at the end of the protecting sheath) that 
can act as an indifferent or reference electrode 
(Fig. 8.1). Using this reference electrode can help 

a

b

Fig. 8.1 Photographs of a microelectrode. (a) The 
D.ZAP microelectrode made by FHC. (b) A microelec-
trode tip. (Images courtesy of FHC, Inc.)
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reduce common-mode noise, which is shared 
between the microelectrode and reference (e.g., 
50- or 60-Hz line noise). However, if there is a 
true signal at the reference electrode (e.g., a large 
LFP), this signal will then contaminate the MER.

All modern recording systems take the analog 
signal from the headstage and digitize it for 
recording and display (Fig. 8.2). Because action 
potentials last only a few milliseconds, the 
recording system must digitize at a rate that pre-
serves the action potential waveform. By 
Nyquist’s theorem, the maximum frequency a 
system can confidently reproduce is half the sam-
pling rate. For example, if an action potential has 
energy at 5 kHz, the minimum sampling rate to 
faithfully reproduce this waveform is 10  kHz. 
Current systems therefore typically oversample 
at 20–40 kHz.

The recorded signal is displayed in close to 
real time on a monitor and directly sonified. 
Serendipitously, the frequency of neural signals 
(~20 Hz for the beta frequency band and <20 kHz 
for action potentials) and the frequency range 
that humans can hear (20 Hz to 20 kHz) overlap 
significantly, so the recorded waveforms can be 
directly played by a speaker. The sound of an 
action potential is often a “pop,” which is distin-
guishable from the recorded background noise. 

Multiunit activity (the cacophonous overlapping 
of numerous nearby cells that are not individually 
identifiable) can make the background signal 
louder, a phenomenon useful, for example, for 
determining when dense nuclei, like the subtha-
lamic nucleus (STN), are entered. The recording 
system detects individual spikes by thresholding 
the signal. A few milliseconds before and after 
these threshold crossings are saved and displayed 
so the user can judge the quality of the 
waveform.

 MER in Practice

Modern stereotactic surgery using MER com-
bines traditional stereotactic neurosurgery—pio-
neered by Spiegel and Wycis and relying on 
pneumoencephalograms [6, 7]—with MER 
recordings, which were historically done in the 
neocortex for epilepsy surgery [8]. The motiva-
tion was to reduce error from individual differ-
ences in subcortical neuroanatomy when 
targeting these areas in patients with movement 
disorders. In the 1940s, Meyers [9] was the first 
to report LFP data showing tremor-related brain 
activity from striatum and motor cortex during 
open surgery for treatment of Parkinson disease 

Amplifier

ADC DSP Display

Audio output

Data storage

Microelectrode

Fig. 8.2 MER acquisition setup. The microelectrode is 
mounted to the headstage, and the signal is filtered 
through the preamplifier. Data are then digitized in the 
analog-to-digital converter (ADC) and recorded by the 
digital signal processing (DSP). The signal is then dis-

played and can be projected as audio output for the clini-
cian. Data are stored in a range of sampling rates from 30 
KHz for single-unit activity to 256  Hz for LFP 
recordings
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(PD). In 1958, Wetzel and Snider [10] performed 
some of the first macroelectrode recordings in 
patients, in the context of pallidotomy for treat-
ment of PD. At that same time, MER techniques 
to record single-unit activity from human 
 thalamus and other subcortical structures were 
reported by Albe-Fessard and Guiot [8]. In this 
work, they describe single units in the ventral 
nuclear group of the thalamus showing coherent 
activity with the patient’s tremor. Work by 
Benabid and colleagues showed that stimulation 
of the ventral intermediate nucleus (Vim) of the 
thalamus using the aforementioned technique 
treats tremor symptoms of PD [11, 12]. Following 
this, the globus pallidus internal (GPi) and STN 
were also described as targets for DBS stimula-
tion to treat PD [13, 14].

Our protocol for performing MER is as fol-
lows. The patient is placed in a stereotactic frame, 
and then a computed tomography (CT) scan is 
obtained. This scan serves as a reference for 
coregistering the patient’s preoperative magnetic 
resonance imaging (MRI) scans. This imaging 
set can then be used to perform indirect targeting, 
based on visualization of the anterior commis-
sure–posterior commissure (AC-PC) plane, or 
direct targeting, visualizing the target structures 
directly. The burr hole location is determined 
based on this initial trajectory, taking care to 
avoid blood vessels, sulci, and the ventricles 
when possible. Once the burr hole has been made, 
the patient is awakened from anesthesia, and a 
guide tube is advanced down the planned trajec-
tory to a point 10–25  mm above the target, 
depending on the trajectory. Guide tubes are 
more rigid than the microelectrodes and reduce 
the risk of electrode deflection. Guide tube dis-
tances are chosen to ensure some portion of tis-
sue can be sampled by the microelectrode before 
reaching the target. Note that there are cases 
where MER is done in an asleep patient, but the 
quality of the recording is not as readily interpre-
table in that case [15, 16]. In some pediatric 
patients or patients with severe anxiety or dysto-
nia, the surgery must be performed under anes-
thesia. In this case, MER can confirm the final 
position in the GPi or STN. Importantly, capsular 
side effects but not sensory side effects can be 

sufficiently mapped under general anesthesia. In 
the case of PD, the STN can be identified with 
MER sufficiently under general anesthesia, and 
using this method, others have shown compara-
ble long-term outcomes to awake DBS in case 
series [16].

Once the guide tube is in position, the micro-
electrode is introduced and extended a few milli-
meters past the guide tube’s terminus. The 
impedance should be checked at this point to 
ensure the microelectrode was not damaged. The 
electrode is then advanced with a microdrive in 
submillimeter steps to the target. The recordings 
are monitored for changes in the background 
intensity and the presence or absence of single 
units. Larger step sizes can be used initially, 
~0.5 mm, although smaller step sizes, ~0.1 mm, 
should be used once single units are identified in 
mapped structures.

Aside from recording spontaneous activity, 
recorded neurons can be monitored for evoked 
responses. For example, in the STN, movement- 
sensitive cells can be identified by listening for 
their modulation during passive or active joint 
movements. Additionally, microstimulation of 
the electrode can be used to confirm electrode 
location or test for side effects. Microstimulation 
is delivered at 1–100 μA (300- to 330-Hz trains; 
100- to 700-μs pulse widths) [17, 18]. The effects 
of stimulation depend on nearby structures, such 
as the internal capsule or sensory thalamus, when 
targeting the Vim. When microstimulation evokes 
paresthesias, for instance, this suggests that the 
electrode is near the sensory thalamus. This can 
be used to map the electrode’s position.

After a suitable recording is obtained, fol-
lowed by favorable stimulation, the permanent 
macroelectrode is placed along the final guide 
cannula trajectory. The location of the base of the 
electrode within the target depends on the target. 
If one is using directional leads, the middle two 
contacts are generally placed at the target loca-
tion (because these are the segmented contacts 
with directional capabilities in currently com-
mercially available systems). Macrostimulation 
is done to confirm there are no limiting side 
effects. If optimal responses are not acquired, it is 
appropriate to try a new trajectory 2  mm away 
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from the first. This trajectory is built into the 
“Ben gun” head mount (named after Benabid), 
which has five possible trajectories for the guide 
cannula organized in a “plus” or “x”  configuration. 
There is also the method of recording simultane-
ously from multiple, planned, parallel tracks via 
the Ben gun [19, 20]. The advantage here is to 
have the option to choose the best trajectory 
based on more complete localization informa-
tion. Some advocate using all 5 tracks simultane-
ously to map a cylindrical volume of tissue and 
assess effects without having to account for post- 
lesion decrement of tremor that might occur with 
serial insertions [19]. Whether an increased num-
ber of lead placements results in increased rate of 
hemorrhage is controversial [21–23].

 Targeting GPi

The GPi is a common target for PD and dystonia 
treatment [24]. It is targeted through a frontal 
approach and is located roughly 2–3 mm ante-
rior to the midcommissural point (MCP), 
5–6  mm below the intercommissural line, and 
20–21  mm from the midline [25], specifically 
targeting the posteroventral portion of the 
nucleus. For direct targeting, we find the pallido-
capsular border at the axial level of the AC-PC 
line, divide that line into thirds, and take a point 
3 mm perpendicular to that line at the junction of 
the anterior 2/3 and posterior 1/3 divisions [25]. 
The GPi can also be targeted based on the optic 
tract’s lateral border (19–21  mm lateral from 
midline and 2–3 mm superolateral to the tract) 
[25]. The angles of approach are ~60 degrees 
from the AC-PC plane and along the vertical in 
the coronal plane.

Along the approach trajectory, the microelec-
trode encounters several critical structures that 
help confirm electrode location (Fig.  8.3). The 
cells of the striatum fire at relatively low fre-
quency (0–10  Hz). Deeper, the globus pallidus 
external (GPe) segment contains cells that show 
either “bursting” or “pausing” activity. Bursters 
in the GPe fire at a mean rate of 50 Hz, whereas 
pausing cells fire at a mean rate of 20 Hz [26]. 

Border cells of the white laminae mark the border 
between the external segment of the GPe and the 
GPi. These cells have a regular firing rate at 
20–40  Hz and span 1–2  mm [27]. Border cells 
can also occasionally be encountered between 
the external and internal segments of the GPi 
(respectively denoted as GPi,e and GPi,i).

Upon entering the GPi, there is an increase in 
the background activity and increased uniformity 
of the firing rate. The GPi fires at 60–100 Hz in 
patients with PD and at a lower rate in dystonic 
patients (~50 Hz) [24]. Firing rates for Tourette 
disease have been described as intermediate 
between these two ranges [28]. Under anesthesia, 
the rate of firing of all cell groups is lower [28]. 
In the GPi, there are also tremor cells that fire in 
correlation with the physical tremor (as can be 
confirmed with electromyography (EMG) 
recordings) and are generally located in the ven-
tral portion of the GP [28]. The rate is modulated 
by movement of the contralateral arm or leg. 
Generally, 4–8 mm of GPe and 5–12 mm of GPi 
may be encountered on a single tract [28].

The somatotopy within the GPi is somewhat 
variable. In general, leg representation is dorsal 
and lateral, while arm representation is caudal 
and medial, although in some cases leg represen-
tation is central and arm representation flanks 
this area medially and laterally [29]. This is tested 
by passive or active joint movement in the patient 
while listening for modulation. After the elec-
trode exits the GPi, there is a quiet period as it 
passes through the ansa lenticularis. Finally, the 
optic tract is encountered below the inferior mar-
gin of GPi, which is marked by high-frequency 
activity and light-evoked electrical activity, thus 
marking the lower bound of the electrode trajec-
tory. This is approximately at 22–24 mm along 
the parasagittal plane [30]. Behaviorally, the 
patient may see stimulation-induced phosphenes 
in the contralateral visual field. The recording is 
stopped 1  mm past the last GPi cells to avoid 
injury to vessels within the choroidal fissure. 
This technique is no different when performing 
pallidotomy except the DBS target may be 2 mm 
more anterior to avoid stimulating the internal 
capsule [28].

8 Microelectrode Recording in Neurosurgical Patients
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 Targeting the STN

Although targeting of the STN or the GPi has 
comparable efficacy in treating the symptoms of 
PD [31, 32], STN targeting has been associated 
with more neurocognitive changes [33]. The 
nucleus is bordered rostrally by the zona incerta 
followed by field of Forel (H2 sector) in the ros-
trocaudal direction. The zona incerta is roughly 
2.5–4 mm in thickness. This area is quiet, thus 
marking the border before entry into the STN and 
increased background activity. The third cranial 

nerve lies anterior and medially to the STN, the 
red nucleus lies posteromedially, the cerebellar 
peduncle is medial, and the medial lemniscus is 
posterior. The frontopontine bundle is located 
anteromedially, and stimulation can cause con-
tralateral gaze deviation, as opposed to medial 
and downward gaze deviation of the ipsilateral 
eye with stimulation of the ipsilateral third cra-
nial nerve. The STN is 11–12 mm lateral to mid-
line, 3–4  mm posterior to the MCP, and 4  mm 
ventral to the MCP. The nucleus can be visual-
ized on a T2-weighted MRI scan that is aligned to 
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Fig. 8.3 GPi MER. (Top) Representative MER traces 
from typical structures traversed on descent to the GPi 
from a surgical subject with Parkinson disease. A: Caudate 
nucleus; B: pausing type neuron, GPe; C: bursting type 
neuron, GPe; D: GPi. (Bottom) Representative MER 

traces from typical structures traversed on descent to the 
GPi from a surgical subject with dystonia. A: Caudate 
nucleus; B: pausing type neuron, GPe; C: bursting type 
neuron, GPe; D: GPi
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the AC-PC line. The AP angle of the trajectory is 
similar to that of the GPi and is roughly 70 
degrees from the AC-PC line and 10–20 degrees 
lateral in the coronal plane, at the vertical from 
target. In an ideal trajectory, one would initially 
traverse the dorsal thalamus before entering the 
STN [18]. Cells in the STN have variable firing 
rates, ranging from 20 to 50 Hz with high back-
ground activity (Fig.  8.4). The sound of back-
ground activity is sometimes referred to by 
clinicians as “raindrops on a tin roof.” There are 
kinesthetic cells here that will respond to passive 
limb movement. Beyond the STN is the substan-
tia nigra pars reticulata (SNr), within which cells 
fire at a higher rate of 50–70 Hz and there is sig-
nificantly less background activity. The distance 
between the two structures is ~2–3 mm. We typi-
cally seek a trajectory through STN >5  mm in 
thickness.

Side effects are defined by the location of the 
lead. Stimulation of the SNr may lead to feelings 
of fear and anxiety. Mood changes may also be 
seen with stimulation of the anterior portion of 
the STN’s limbic division. The internal capsule is 
located laterally, and its stimulation can cause 
muscle contraction. If no effect is seen with stim-
ulation, the lead may be dorsal in the thalamus. 
Stimulation posteromedial to the target can stim-
ulate the medial lemniscus, causing paresthesias. 
Corticobulbar fibers lie lateral to the target, and 
their stimulation can cause facial contractions 
and dysarthria. The oculomotor nerve also passes 

medially, and its stimulation would cause ipsilat-
eral eye adduction; however, contralateral gaze 
deviation is a result of stimulation of the fronto-
pontine bundle. Direct stimulation of the STN 
can cause dyskinesia. Some physicians approach 
the STN with a parallel lead configuration 
through the Ben gun to optimize targeting [34]. It 
is not clear whether multiple passes increases the 
risk of hemorrhage because the number of 
reported procedures comparing the two is low 
[34, 35]. Typical microstimulation parameters 
are currents of 100  mA, pulse trains of 0.2–
0.7 ms, at 330 Hz. Macrostimulation is delivered 
at much higher amplitudes, on the order of milli-
amperes or volts.

 Targeting the Vim of the Thalamus

The tremor component of essential tremor and 
tremor-dominant PD can be treated with stimula-
tion of the Vim nucleus of the thalamus. The 
location of the Vim nucleus varies from 1 to 
7 mm posterior to the MCP (or 20% of the length 
of AC-PC line anterior to the PC), 14–15 mm lat-
eral from midline, and 0–3 mm above the AC-PC 
line [1, 12]. The angles are 60 degrees from the 
AC-PC plane and 5–10 degrees in the coronal 
plane from the true vertical at target. Targeting 
the Vim requires the trajectory of the electrode to 
traverse near the caudate into the thalamus. En 
route, it is important to identify the sensory 
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Fig. 8.4 STN MER. Representative MER traces from typical structures traversed on descent to the STN from a surgi-
cal subject with Parkinson’s disease. A: Striatum; B: thalamus; C: zona incerta (Zi); D: STN; E: SNr
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 thalamus (ventrocaudalis or Vc nucleus), which 
marks the posterior boundary of motor thalamus 
(Fig. 8.5). The Vc is roughly 4 mm anterior to the 
PC along the intercommissural line [36] and 
11 mm lateral for oral responses versus 18 mm 
lateral for responses in the legs [37]. The “tactile 
neurons” in that area can be identified by stimu-
lating the corresponding receptive field on the 
body through light touch. “Deep tactile cells” in 
the sensory thalamus respond to pressure or 
squeezing of the tendons and mark the anterior 
boundary of the Vc nucleus before transition into 
the Vim nucleus [17]. The receptive field will be 
on the contralateral side of the body, with possi-
ble additional ipsilateral representation of the lips 
[38]. There should be reasonably good concor-
dance with projected (as determined by electrical 
stimulation) and receptive (as determined by 
touch) fields [37]. Microstimulation evokes par-
esthesias in the corresponding body area.

The Vim nucleus is characterized by the pres-
ence of “kinesthetic cells,” which normally 
respond to changes in joint position, but in essen-
tial tremor often fire in time with the tremor fre-
quency, as reflected by EMG. Microstimulation 

(constant current, pulse width 100  μsec, fre-
quency 300 Hz [28]) causes the tremor cells to 
stop firing, and the electromyographic activity 
quiets as well [39]. The mean firing rate of tremor 
cells is about 7–14 Hz, which is the mean tremor 
frequency in patients with essential tremor. 
Tremor cells may also be seen in the caudal ven-
tralis oralis posterior (Vop), STN, and GP [28, 
40, 41]. The mediolateral position is defined by 
the body part being treated: Oral and facial repre-
sentation is roughly 12–14  mm from midline, 
upper limb representation is 14–16 mm, and leg 
representation is lateral to this [17]. The location 
must also not cause side effects such as muscle 
contraction or paresthesia. A rule of thumb is that 
side effects caused at or below 20 μA suggest the 
electrode needs to be moved anteriorly. The most 
ventral contact of the DBS lead is typically tar-
geted at the base of the nucleus.

The pallidal receiving area of the thalamus 
(ventralis oralis anterior/posterior (Voa/Vop) in 
the terminology of Hassler) is further anterior to 
the Vim nucleus (the cerebellar receiving area) 
and contains “voluntary cells,” which are acti-
vated during the motor preparation period [37]. 

Dorsal thalamus

VC
VIM VOP

VOA

RT

0.5 seconds

a

b

c

d

D

P A

V

Fig. 8.5 Vim MER.  Representative MER traces from 
typical structures traversed on descent to the Vim of the 
thalamus from a surgical subject with essential tremor. A: 
Anterior trajectory dorsal tier of thalamus; B: posterior 

trajectory dorsal tier of thalamus; C: Vop nucleus of the 
thalamus; D: Vim of the thalamus.VC ventrocaudalis 
nucleus, Voa ventralis oralis anterior, RT reticular nucleus
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Again, the somatotopy is roughly face/jaw medi-
ally and leg laterally [42]. This somatotopy can 
be distorted in stroke or other lesion patients 
[43]. In contrast to tremor cells in the Vim 
nucleus, voluntary cells also fire at the tremor fre-
quency but continue to fire when the tremor has 
stopped with stimulation. Lidocaine injection to 
the site will quiet the cells, but this practice is no 
longer used to confirm target location because of 
time constraints in the operating room [44]. The 
current thought is that both cell types may be 
involved with tremor generation [45]. The inter-
nal capsule lies laterally and is relatively quiet 
electrically. Microstimulation will result in par-
esthesias (Vc stimulation) or muscle contraction 
(internal capsule stimulation).

 Accuracy of MER Versus Imaging

MER was initially used to allow for the necessary 
spatial resolution of stereotactic surgery with the 
original metal frames. The mean vector error 
with the use of MER ranged from 0.9  mm to 
2.8  mm [46–49]. Additionally, Brahimaj et  al. 
[50] reported an average radial error of 1.2 mm 
for all targets. For protocols relying on imaging, 
error between the final location of the electrode 
tip and the proposed target based on stereotactic 
coordinates was 2.2 mm [51]. The radial error for 
the left and right sides are reportedly 0.8 and 
0.7 mm, respectively; and these were not statisti-
cally different between locations [48].

When comparing asleep DBS with traditional 
MER-guided placement, one group retrospec-
tively reviewed 21 patients who underwent asleep 
DBS and compared them with 24 patients who 
underwent routine placement that included 
MER.  In addition to showing statistically small 
radial error with asleep DBS, patients who under-
went MER showed lower side-effect thresholds 
[48]. However, multiple studies have found no 
difference in the Unified Parkinson’s Disease 
Rating Scale (UPDRS) III scores or levodopa 
dosing equivalents between the groups [48, 52, 
53]. Additionally, a meta-analysis to compare 
these two groups also did not find a difference 
between UPDRS III scores or levodopa- 

equivalent doses [54]. However, these results are 
confounded by including studies where the asleep 
cohorts also had MER intraoperatively.

 LFP Applications

Aside from single-unit and multiunit recordings, 
intracranial electrodes can also be used to mea-
sure LFP. LFPs are extracellular measures of 
voltage differences between a large neuronal 
ensemble (including components of axons, den-
drites, soma) and a reference. LFP measurement 
does not differentiate incoming versus outgoing 
signal direction as would single-cell action 
potentials. LFP recordings are useful for seizure 
focus localization and can also be decomposed 
into their spectral counterparts (e.g., the spectral 
coefficients associated with the short-time 
Fourier transform or continuous wavelet trans-
form algorithms [55, 56]) to discern whether neu-
ronal ensembles are oscillating at a particular 
frequency with significant power and at particu-
lar phases. For example, the beta frequency band 
(13–30 Hz) power is elevated in PD patients in 
both STN [57, 58] and Vim and has a complex 
relationship with tremor frequency and ampli-
tude [55].

Coordinated firing at particular frequencies is 
thought to be a mode of communication and 
information transfer between neural ensembles, 
much like a particular radio frequency can be 
used to transmit information along that band-
width. This activity is lowered with DBS and 
levodopa [57, 58]. Importantly, beta activity is 
highest in the dorsal region of the STN [59]. The 
physical distance spanned in the nucleus by this 
beta power is related to best PD control with DBS 
(specifically bradykinesia and rigidity) and not 
the actual anatomical center of the nucleus [60]. 
This makes beta band power a potentially power-
ful biomarker and target for stimulation and 
adaptive, closed-loop stimulation paradigms.

Recently, studies have shown that there is a 
complex substructure to beta band activity such 
that beta activity appears to come in bursts in 
time and to predict performance on a motor task 
in nonhuman primates [61]. In PD patients, 
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 sustained bursts occur with concurrent interhemi-
spheric synchronization (i.e., phase coupled) 
between bilateral STNs. The theory here is that 
aberrant coupling of the motor system is disrupt-
ing normal motor function. Longer bursts are 
related to the clinical symptoms of rigidity and 
bradykinesia [62]. Levodopa causes the bursts to 
become shorter and have lower amplitude. 
Finally, gamma band (60–90 Hz) power has also 
been shown to be elevated in the STN and GP of 
PD patients treated with levodopa [63, 64]. Broad 
band gamma power is thought to reflect cortical 
neuronal activity itself [65]. Coupling between 
beta phase in M1 and gamma amplitude in M1 is 
exaggerated in PD compared with dystonia and 
epilepsy patients, although all those patients 
show similar beta band power in motor cortex 
[66]. Cross-structural coupling between STN 
beta and M1 gamma is increased in PD [66], and 
this coupling is decreased with DBS [67].

In dystonia, there is excessive drive of the 
motor control circuits leading to abnormal antag-
onist/agonist muscle co-contractions. There is 
lower beta power and greater theta power in the 
pallidum in dystonic patients compared with PD 
[68], and there is greater phase coherence 
between motor cortex and pallidum that is dis-
rupted by DBS [69]. Finally, in essential tremor, 
Vim LFP power in beta band is coherent with 
tremor frequency, as measured with EMG [68].

 Conclusion

Further research is needed using MER to iden-
tify LFP-based biomarkers of movement disor-
ders and use them for diagnosis, targeting, and 
designing better stimulation treatment regimens, 
perhaps via adaptive closed-loop DBS. However, 
the realm of MER for research is vast, spanning 
applications in brain machine interfaces [70–
74], consciousness [75], cognition [76–80], 
memory [81–85], and psychiatric disorders [86–
88]. Microelectrode arrays such as the Utah 
array have allowed single-unit recordings from 
a cortical patch and thus afford high-resolution 
population activity recordings to power brain 
machine interfaces [70] or study epileptic events 

[89, 90]. MER remains an important technique 
in the repertoire of a functional neurosurgeon. 
This chapter covers the basics of performing 
this technique. On the basis of current research, 
we foresee a future need to refine the ability to 
measure LFP- based oscillations to guide target-
ing particular areas of the traditional target 
nuclei and tracts.
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Local Field Potentials and ECoG
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Abbreviations

BG Basal ganglia
BGTC Basal ganglia thalamocortical
DBS Deep brain stimulation
ECoG Electrocorticography
EEG Electroencephalography
GP Globus pallidus
GPi Globus pallidus interna
HFO High-frequency oscillations
LFP Local field potentials
M1 Primary motor cortex
PAC Phase amplitude coupling
PD Parkinson’s disease
STN Subthalamic nucleus

 Introduction

The ability to directly measure brain activity at 
the macroscopic level offers a tremendous oppor-
tunity to investigate neural network functions. 
Extracellular activity generated by a population 
of neurons can be measured in the form of field 
potentials, which encompass a range of signals 

including local field potentials (LFPs) recorded 
using depth electrodes, electrocorticography 
(ECoG) potentials using subdural strips or grids, 
as well as electroencephalography (EEG) poten-
tials using scalp electrodes. All field potential 
recordings have temporal resolutions in the mil-
lisecond range and differ in their spatial resolu-
tion and invasiveness, depending on the type of 
electrodes used [1].

In humans, one of the first applications of 
invasive field potential recording was for local-
ization of epileptic foci using temporarily placed 
depth and subdural electrodes. These allowed cli-
nicians to more accurately pinpoint areas of sei-
zure focus, with higher spatial resolution that is 
possible using noninvasive methods. For patients 
with movement disorders undergoing deep brain 
stimulation (DBS) surgery, it is also possible to 
record LFP from the basal ganglia (BG) using 
implanted DBS electrodes (Fig.  9.1a, b). 
Simultaneous recordings of BG LFPs from deep 
brain leads and cortical field potentials from 
ECoG electrodes temporarily placed over the 
cortex (Fig. 9.1c) has allowed researchers to fur-
ther characterize cortical–subcortical network 
activity in patients with movement disorders [2]. 
Although these recordings were initially limited 
to using externalized electrodes in the intraopera-
tive and the perioperative period, technological 
advances in implantable neural interfaces now 
allow for chronic, multisite brain recordings in 
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the ambulatory setting [3–5]. These new research 
platforms are opening new avenues for under-
standing brain functions and diseases.

Based on these field potential recordings, 
activity from these neural ensembles appears to 
oscillate. Oscillations represent rhythmic, syn-
chronized sub- or supra-threshold neural activi-
ties from groups of neurons near the recording 
electrode [6]. Neural networks can oscillate 
across many frequency ranges from 0.5 to 
500  Hz, and different oscillatory frequencies 
have been linked to different behavioral states [7, 
8]. Brain oscillations provide one of the key 
mechanisms for the encoding, storage, and pro-
cessing of information across different regions of 
the neural network by biasing the probability of 
neuronal spiking activity [9, 10]. Synchronization 
of oscillatory activity across brain regions is 
often thought of as a means of network-based 
coordination or communication. Additionally, 
oscillatory activity has shed light on the patho-
physiology of neurological diseases and holds 
the potential to improve and refine existing treat-
ments [11].

In this chapter, we discuss recent findings 
regarding the role of network oscillatory activi-
ties in movement disorders, based on studies 
from LFP and ECoG potentials. We also discuss 
how this knowledge is relevant for clinical prac-

tice, both in understanding the mechanism of 
existing DBS therapy as well as designing closed- 
loop therapy.

 Oscillatory Signatures of Movement 
Disorders

Human LFPs and ECoG potentials have given us 
immense insight into the pathophysiology of 
movement disorders and mechanisms of thera-
pies. Based on these bodies of work, excessive 
synchronization of the motor network in different 
frequency bands may be phenomenologically 
associated with diverse motor symptoms of 
movement disorders. Here, we summarize some 
of the evidence supporting this framework.

 Beta Oscillations  
in Hypokinetic States

BG LFP and cortical ECoG recordings in humans 
have led to the advent of the “oscillatory hypoth-
esis” of the hypokinetic symptoms in Parkinson’s 
disease (PD), which posits that bradykinesia 
arises from excessively synchronized beta activ-
ity (13–30 Hz) in the BG thalamocortical (BGTC) 
motor loop [12, 13]. Importantly, beta rhythms 

a b c

100ms

50
 u
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Fig. 9.1 Subcortical and cortical electrode localization 
(top panels) and example of their respective field poten-
tials (lower panels). (a) Subthalamic (STN) and (b) GP 
leads are shown on postoperative axial MRIs at the 
approximate plane of the active contacts (white arrows). 

(c) ECoG strip overlying the sensorimotor cortex. Each 
ECoG contact (white dot) was identified on an intraopera-
tive CT scan and plotted on the patient’s MRI-derived 3D 
reconstruction
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themselves are not necessarily pathological. In 
healthy subjects, cortical beta is modulated dur-
ing movement [14, 15] and may play a role in 
maintaining a motor state [16]. Given its role in 
posture maintenance and fluid motor control [17–
19], exaggerated synchronous beta activity could 
lead to the inability to switch between different 
states and may account for the akinetic state in 
PD [16].

The initial evidence for the oscillatory hypoth-
esis indicated that beta modulation could be an 
indicator of therapeutic efficacy. In the subtha-
lamic (STN) of PD patients, reduction in beta 
amplitude by dopaminergic medications 
(Fig. 9.2a) or DBS was correlated with reduction 
in hypokinetic symptoms [20–22]. However, 
presence of a spectral power peak in the beta 
band within the STN LFP is not, in itself, pathog-
nomonic of PD, since it is also present in isolated 
dystonia [23] and obsessive compulsive disorder 
[24]. Nonetheless, the view that dopamine deple-
tion causes excessive beta synchrony in BG 
nuclei has been supported in several rodent mod-
els of Parkinsonism [20, 21] as well as in dysto-
nia patients after taking dopamine antagonists 
[25]. Other sites of the BG, namely, the globus pal-
lidus (GP), also demonstrate elevated resting beta 
band oscillations compared to non-Parkinsonian 
movement disorders [26–29]. Elevated beta syn-
chrony in PD may also present in the form of 
cross-structure coherence, and this has been dem-

onstrated between cortico-cortical areas [30] and 
between the GP and primary motor cortex (M1) 
[26, 31] in humans. Cortico-cortical beta coher-
ence can be reduced by therapeutic levodopa and 
STN stimulation [30] and cortico-pallidal beta 
coherence by pallidal DBS [26, 31], adding to the 
growing body of evidence that akinesia in PD is 
correlated with excessive beta synchrony in the 
brain and that therapeutic DBS works by disrupt-
ing this abnormal synchrony.

In addition to beta band amplitude and coher-
ence, other metrics of beta synchronization, such 
as cross-frequency interactions between beta 
phase and gamma activity coupling, appear to be 
elevated in the Parkinsonian state as well. In nor-
mal physiology, phase amplitude coupling (PAC) 
is an important mechanism for communication 
within and between neuron ensembles in different 
brain regions by coordinating timing of neuronal 
activity in connected networks [32, 33]. Excessive 
coupling may entrain neuronal firing in an inflex-
ible pattern that limits information encoding by 
spatiotemporal selectivity [34]. In the Parkinsonian 
BG, the coupling of beta phase to the amplitude of 
high-frequency oscillations (HFO, 200–400  Hz) 
has been seen in STN LFPs and can be modulated 
by dopaminergic state [35]. A recent study also 
reported the presence of coupling between low 
beta phase to low gamma (50–80 Hz) and HFO 
activity in the GP, which were both attenuated 
with movement [36]. Beta- HFO PAC throughout 
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Fig. 9.2 Effect of PD treatments on cortical and subcorti-
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the BGTC could be an important marker of the 
Parkinsonian state, supported by nonhuman pri-
mate model of Parkinsonism showing emergence 
of beta-HFO coupling in the pallidum in the mild 
state that increased with symptom severity [37]. 
This excessive neuronal synchronization to beta 
oscillations extends beyond the BG, and it exists 
both within the M1 and between the M1 and BG 
[38, 39]. Cortical PAC between beta oscillatory 
phase and broadband gamma activity (50–200 Hz) 
is reversibly suppressed by DBS (Fig. 9.2b) [39]. 
PAC may be measurable in the time domain by 
the “sharpness” of the maxima or minima in the 
voltage time series [40]. These abnormally syn-
chronized activities throughout the motor network 
may result in hypokinesia by prohibiting the natu-
ral, dynamic neural modulation required to initi-
ate and execute fluid movements, and DBS 
provides a mechanism to reduce these excessive 
synchronizations.

 Gamma Oscillations  
and Hyperkinetic State

Narrowband gamma oscillations (60–90 Hz) have 
been observed in the subcortical structures such 
as the thalamus and BG, as supported by record-
ings from the lateral geniculate nucleus and visual 
cortex [41], as well as the striatum [42] and STN 

[43] of healthy awake rodents. In patients with 
PD, dopamine medication and movement both 
increase the amplitude of the narrowband gamma 
oscillations within the BG as well as its coher-
ence with the M1 [44, 45]. Additionally, thalamic 
recordings from patients with other types of 
movement disorders also reveal the presence of 
movement-modulated gamma oscillations 
sharply tuned to frequencies of ~70  Hz range 
[46], suggesting that these subcortical gamma 
oscillations may transiently become coherent 
with the motor cortex to create a “prokinetic” 
state during normal movement. In the diseased 
state, hyperkinetic phenotypes may arise via 
appropriation and exaggeration of normal gamma 
oscillations. For instance, dyskinesia is associ-
ated with a narrowband increase in gamma power 
between 60 and 90 Hz. This oscillation is found 
in both in the M1 and the STN, with a strong 
phase coherence between the two regions [3] 
(Fig. 9.3). Similarly, M1 ECoG recordings from 
patients with isolated generalized dystonia have 
also demonstrated this increase in narrowband 
gamma power at ~80 Hz during movements that 
trigger dystonic posturing [47]. This suggests that 
when gamma oscillations become excessively or 
pathologically synchronized with the motor cor-
tex, they create a “hyperkinetic” state, manifest-
ing as dyskinesia in PD [3] or dystonic posturing 
in isolated dystonia [47].
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 Theta–Alpha Oscillations in Tremor

Tremor is a common feature of several move-
ment disorders: resting tremor in PD, postural 
tremor in essential tremor (ET), and dystonic 
tremors in isolated dystonia. Despite their phe-
nomenological differences, studies based on field 
potential characteristics associated with tremors 
show that there may share similar physiological 
characteristics. STN LFP recordings from PD 
patients demonstrated that onset of resting tremor 
is associated with beta band suppression and 
increase in tremor frequency amplitude (~5 Hz) 
in both STN LFPs and surface EMGs [48]. This 
was confirmed in another study using MEG com-
bined with STN LFP recording, where tremor 
was associated with increased amplitudes at both 
the tremor and double-tremor (~10 Hz) frequency 
within the STN, as well as in cortico-cortical 
coherence [49]. We also found similar increases 
in theta and alpha amplitudes in the globus palli-
dus interna (GPi) LFP of PD patients with onset 
of tremor (unpublished data, Fig. 9.4). Similarly, 
LFP recorded from the thalamic nuclei of ET 
patients has been compared to those of patients 
with multiple sclerosis or chronic pain undergo-
ing DBS; ET patients exhibited enhanced coher-
ence of 5–15 Hz oscillation when the electrodes 

were placed in the ventral intermediate and ven-
tral oral posterior nuclei of the thalamus [50]. 
Together, these findings suggest that excessive 
narrowband synchrony in the theta and alpha fre-
quency ranges may be a marker of tremor in the 
BGTC circuit.

 Theta Oscillations in Dystonia

Several studies have examined LFP characteris-
tics in patients with isolated dystonia undergoing 
GPi DBS implantation and found enhanced oscil-
latory activity in the low-frequency band 
(4–12 Hz) [26–28, 51–54]. Such synchronization 
correlates with involuntary EMG activity, indi-
cating that it may contribute to the pathophysiol-
ogy of dystonia and may be a biomarker for 
isolated dystonia [52, 53, 55]. Pallidal low- 
frequency oscillations temporally lead similar 
oscillations in dystonic muscle activity based on 
directed transfer function computations, suggest-
ing that they may play a causal role [55]. 
Furthermore, high-frequency stimulation of the 
GPi, a highly effective therapy for improving 
dystonia, has been shown to suppress low- 
frequency activity and phasic dystonic move-
ments in patients with dystonia [56]. However, 
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the elevated resting low-frequency oscillation 
may not be pervasive through other BG struc-
tures, as one comparison between STN LFPs of 
dystonia and PD patients did not show this 
increased theta power in the STN of dystonia 
patients [23]. This could be due to differences in 
inputs between the GPi and STN.

 Relevance for Clinical Practice

 Informing DBS Targeting in the STN

Characterization of cortico-basal ganglia oscilla-
tory signatures through invasive recording can be 
applied in the clinical setting to aid DBS target-
ing. The boundaries of sensorimotor STN are 
most commonly determined using microelec-
trode recordings with identification of move-
ment-related single units [57]. Although this 
method has high spatial resolution, it relies on the 
ability to isolate high signal-to-noise single units 
and can be highly subjective. Spectral analyses of 
LFPs, which represent robust population activity, 
are therefore more quantitative and possibly 
more objective. The sensorimotor region of the 
STN is characterized by increased amplitude of 
beta oscillations in the 13–30 Hz range [58–61], 
but the dorsal and ventral borders of the nucleus 
are better delineated by the higher frequency 
range of the beta band (21–35 Hz) in PD patients 
[62]. Although LFP-based identification of STN 
borders is an objective measure, oscillatory activ-
ity, particularly in lower frequencies, is not as 
spatially focal as single unit activity. Additionally, 
the frequency limits for beta and high beta oscil-
lations are defined arbitrarily, and there may be 
patient- specific frequency limits that best charac-
terize their BG nuclei. Thus, LFPs are most likely 
to serve as an adjunct to traditional MER STN 
mapping [63] in cases where physiological target 
identification is performed.

LFPs and ECoG may also be valuable tools 
in establishing predictive measures of therapeu-
tic stimulation location. Beta oscillations, which 
are localized to the dorsolateral region of the 
STN, may predict the active contact location of 
effective DBS stimulation [61]. Additionally, 
M1 ECoG can be jointly used to map the topog-

raphy of the M1-STN hyperdirect pathway. It 
has been suggested that effective STN DBS is 
mediated by antidromic propagation of stimula-
tion through the hyperdirect pathway to M1 
[64–66]. In a pilot study, STN electrodes that 
elicited the largest amplitude evoked potentials 
in M1 were found to be the most clinically 
effective DBS electrodes [67]. As DBS elec-
trode designs get more complex with segmented 
directional leads, we need better predictive tools 
to help define the spatial topography of stimula-
tion and to assess the effect of stimulation on 
cortico-BG circuitry.

 Towards Adaptive Brain Stimulation

Understanding the neural signatures of motor 
symptoms in PD—both in the cortex and in the 
BG—are critical for the development of better 
stimulation technologies. Currently, DBS func-
tions in “open loop” fashion, meaning that stimu-
lation is delivered constantly according to settings 
manually set by a clinician, without any feedback 
or modulation of output. Stimulation parameters 
are manually adjusted to optimize symptom man-
agement against stimulation-induced side effects, 
which can be a time-intensive and cumbersome 
process. “Closed-loop” DBS aims to introduce 
feedback signals that reflect the patients’ symp-
tomatic state, in order to automatically adjust 
stimulation output. These feedback signals can 
be derived from multiple sources: directly from 
the brain, using BG LFP, cortical ECoG, or a 
combination of the two; peripheral sensors worn 
by the patient such as accelerometers and EMG 
sensors; or patient subjective reports on symp-
toms severity. Identification of personalized 
physiological biomarkers for particular symp-
toms as well as patient-specific stimulation algo-
rithms are critical to tailor DBS to optimally treat 
each symptom. Initial pilot studies have imple-
mented close d-loop algorithms using single unit 
recordings in nonhuman primates [68], LFP in 
Parkinson’s patients [69–71], and peripheral 
 sensors in essential tremor patients [72, 73]. 
These proof-of-principle studies establish the 
feasibility and potential benefits of closed-loop 
DBS over open loop DBS.  The advent of LFP 
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and ECoG as research tools will advance the clin-
ical field towards more advanced stimulation 
technologies.

 Understanding Non-motor 
Networks

Deep brain stimulation has been used as a poten-
tial treatment for psychiatric conditions such as 
depression, anxiety, anorexia, obsessive compul-
sive disorder, Tourette’s syndrome, and chronic 
pain [74]. However, the efficacy across patients 
varies [75] and the early randomized trials have 
failed to underscore the complexities of psychiat-
ric disorders. There is an unmet need to under-
stand the underlying pathophysiology on a circuit 
level using high-resolution recording techniques. 
While multisite LFP and ECoG recordings have 
largely been implemented to understand motor 
networks, these powerful research tools can simi-
larly be used to study nonmotor circuits. 
Impletmenting of these techniques would 
advance our understanding of neuropsychiatric 
diseases and drive the development of more 
informed models of DBS targeting and therapeu-
tic mechanisms for novel neurological and psy-
chiatric applications. Using these tools, we might 
improve neuromodulation therapy for other neu-
rological and psychiatric disorders by (1) better 
characterizing the neural circuits and associated 
symptom- and disease- specific biomarkers, (2) 

validating target choices and the effects of stimu-
lation on network activity, and (3) reassessing the 
use of universal therapeutic approaches to treat 
heterogeneous phenotypes across patients [76].

 Conclusion

Direct brain recordings of BG LFP and ECoG 
potentials have greatly informed our understand-
ing of cortico-BG network activity in movement 
disorders. These high spatiotemporal resolution 
metrics of population activity have launched the 
“oscillatory hypothesis” of movement disorders, 
placing an emphasis on pathological synchroni-
zation in the motor network that contributes to 
diseased state (Fig.  9.5). From these evolving 
models, we can devise new ways to advance DBS 
targeting, clinical programming, and stimulation 
paradigms. Future application of these invasive 
recording techniques to study non-motor brain 
networks reflects the power of these tools in 
advancing our understanding of the human brain.
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Abbreviations

ALIC Anterior limb of the internal capsule
CM–Pf  Centromedian–parafascicular complex
DBS Deep brain stimulation
EEG Electroencephalogram
FDG Fluorodeoxyglucose
FUS Focused ultrasound
GPi Globus pallidus interna
Hz Hertz
mA Milliamperes
MEG Magnetoencephalography
MER Microelectrode recording
MRI Magnetic resonance imaging
OCD Obsessive compulsive disorder
PD Parkinson’s disease
PET Positron emission tomography
RNS Responsive neurostimulation

SCG Subcallosal cingulate gyrus
SEEG Stereo-encephalography
SISCOM  Subtraction ictal SPECT co-registered 

to MRI
SPECT  Single-photon emission computed 

tomography
SPM Statistical parametric mapping
STN Subthalamic nucleus
TS Tourette syndrome
Usec Microseconds
V Volts
Vc Ventral caudal nucleus
VC/VS Ventral caudate/ventral striatum
ViM Ventral intermediate nucleus
VNS Vagal nerve stimulation

 Introduction

Stereotactic functional neurosurgery requires 
both accuracy and precision to achieve targeted 
treatment to eloquent and deep structures of the 
brain. Awake testing to confirm target engage-
ment is an important component of the intraop-
erative evaluation. General anesthesia is not 
recommended in neurosurgical procedures 
requiring neurophysiological monitoring as it is 
difficult to gather key functional anatomical 
information such as neuronal firing patterns and 
patient feedback on neurological symptoms 
which can aide with localization during the 
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surgery. Many neurosurgeons will utilize short- 
acting anesthesia during frame placement and 
creation of the burr hole; however, this is discon-
tinued promptly after the procedure is completed. 
Identification of specific neuronal signatures and 
intraoperative testing ensure accurate localiza-
tion and aide in ensuring there are no unintended 
neurological sequelae from the procedure. 
Sedation of the patient will reduce  responsiveness 
and neurological evaluations in the operating 
room and more importantly can dampen neuronal 
firing. The previous chapters discussed strategies 
for intraoperative monitoring to identify and 
localize the target of interest in detail. In this sec-
tion, we will review the role of awake testing pro-
cedures to confirm appropriate target engagement 
for deep brain stimulation (DBS), high-frequency 
ultrasound, and epilepsy surgeries.

 Deep Brain Stimulation 
for Movement Disorders

Deep brain stimulation (DBS) was first approved 
for the treatment of tremor in 1997. Since its 
original approval, this therapy is being utilized 

for the treatment of a variety of neurological and 
psychiatric disorders [1]. Attenuation of symp-
toms is achieved by introducing stimulation 
within specific brain structures. In order to ensure 
accurate placement of the DBS electrode, surgery 
is traditionally performed while the patient is 
awake in order to assess neurophysiological char-
acteristics of the structures along the electrode 
trajectory. Once the optimal trajectory and loca-
tion for implantation is identified, the DBS elec-
trode is inserted and the patient undergoes clinical 
testing of stimulation. It is important to confirm 
clinical response and identify side effects from 
stimulation prior to securing the lead to ensure 
usability of the electrode and sufficient response 
to therapy. Newer strategies such as image- 
guided techniques do not utilize intraoperative 
test stimulation and will not be discussed in this 
chapter [2–4].

Presently, there are three DBS systems avail-
able in the US market which offer unique options 
for stimulation delivery (Fig.  10.1). The neuro-
surgeon and treating neurologist must consider 
the anatomy of the target structure, electrode 
design, and desired stimulation programming 
options when selecting a specific device for indi-

4 contact non-segmented 4 contact segmented
(with or without active tip)

8 contact non-segmented

Active tip

Fig. 10.1 Comparison of deep brain stimulation electrodes. Current deep brain stimulation leads available in the 
United States in 2019. The electrode contacts are typically 1.5 mm in width and are typically spaced 1.5 or 0.5 mm apart
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vidual patients. For the purposes of this chapter, 
we will provide a general overview based on a 
4-contact electrode with whole ring activation for 
intraoperative testing.

A standardized and methodical approach for 
intraoperative testing is recommended. Utilizing 
the same protocol for testing with standard set-
tings is important to ensure appropriate response 
to stimulation. In this chapter, we will discuss 
test stimulation in the monopolar configuration; 
however, bipolar stimulation is used by some 
centers during intraoperative testing. A standard 
pulse width (60  μs) and frequency (130  Hz) 
should be set for all surgeries.

Stimulation is introduced with incremental 
increases in amplitude to a maximum of 5 V or 
4  mA (assuming impedance measurements 
between 1000 and 1200  Ω). In the operating 
room, the awake patient is encouraged to com-
municate any unusual sensations or symptoms 
he/she may experience during the testing proce-
dures. As the stimulation is increased, the 
patient may experience transient side effects, 
which often resolve within a few seconds or 
minutes. If these symptoms are not distressing, 
we recommend allowing at least 1  minute for 
the patient to adapt to these side effects prior to 
deciding to abort further testing of that contact. 
However, if side effects are persistent or 
amplify with higher amplitudes, testing of that 
specific electrode should be discontinued and 
the next electrode should be engaged. Formal 
testing of disease- specific symptoms such as 
tremor, rigidity, and bradykinesia as well as 
evaluation for common side effects such as 
speech changes, facial spasms, and abnormali-
ties in eye movements should be performed at 
every 0.5–1.0  V or mA change. Key region-
specific elements of the examination will be 
discussed subsequently.

When the electrode is not implanted in the 
optimal trajectory, the degree of symptom bene-
fits, side effects, or lack of clinical response aids 
in identifying the location of the electrode in 
space. The following sections will serve as a 
guide for the direction to move the electrode 
based on the side effects elicited. If an electrode 
position varies from the optimal target by a sub-

stantial amount (e.g., more than 3–4  mm), the 
presence or absence of stimulation-induced side 
effects may no longer hold relevance.

 Ventral Intermediate Nucleus 
of the Thalamus

The ventral intermediate nucleus (ViM) is used 
for the treatment of medication refractory tremor 
disorders such as essential, parkinsonian, or dys-
tonic tremor. It is a 4 × 4 × 6 mm nucleus that 
receives projections from the contralateral den-
tate nucleus of the cerebellum [5]. Posterior to 
the ViM is the ventral caudal nucleus (Vc) of the 
thalamus, the sensory relay system that receives 
fibers from the medial lemniscus. If microelec-
trode recordings (MER) are performed, typical 
thalamic firing patterns are heard along the tra-
jectory and tremor cells are also identified along 
the track. Kinesthetic and tactile sensory 
responses are tested along the trajectory toward 
the target in order to ensure accurate placement 
during the MER portion of the evaluation which 
assist in distinguishing the ViM from Vc.

During awake testing, sensory paresthesias 
are commonly seen with stimulation of the ven-
tral contacts, which are closer to Vc. These pares-
thesias may increase in intensity with amplitude 
titration and should be less intense or eliminated 
during testing of more proximal contacts. 
Additionally, tremors in the contralateral arm are 
expected to reduce with higher amplitudes of 
stimulation. At least 2–3 contacts should demon-
strate marked reduction of tremors without caus-
ing side effects in a well-placed electrode. At 
low-amplitude thresholds (e.g., 2–3  V or 
1.5–2  mA) for sensory paresthesias, speech 
changes and facial pulling indicate the need for 
alternate electrode positioning (Table 10.1).

 Subthalamic Nucleus

The subthalamic nucleus (STN) is primarily tar-
geted for the treatment of Parkinson’s disease 
(PD); however, newer studies also support utiliz-
ing this target for the treatment of dystonia [6–8]. 

10 Awake Testing to Confirm Target Engagement
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The STN is an important nucleus within the indi-
rect pathway of the basal ganglia that is located 
caudal to the thalamus. The sensorimotor area of 
the STN is the region of interest for stimulation 
in movement disorders which is identified by 
4–5  mm length of characteristic STN firing on 
MER. Important structures near the STN are the 
substantia nigra located ventrally and the red 
nucleus located medially. Additionally, the 
 frontal eye fields of the internal capsule and ocu-
lomotor nucleus are in close proximity to the 
STN and may be activated if the electrode is too 
lateral (Table  10.2). Awake testing of a well-
placed electrode will result in reduction of par-
kinsonian symptoms with minimal to no side 
effects at high thresholds.

 Globus Pallidus Internus

The posterolateral portion of the globus pallidus 
internus (GPi) is commonly targeted for the 
treatment of PD and dystonia. Dystonia is a het-

erogeneous disorder associated with both tonic 
and phasic muscle contractions that result in 
posturing and spasms of the affected body 
regions when engaged in activity. The majority 
of dystonia patients undergo DBS surgery under 
general anesthesia because of the difficulty with 
positioning the patient comfortably in the frame 
for extended periods of time. In those dystonia 
patients where surgery is being performed in the 
awake state, a reduction in phasic dystonia 
symptoms may be observed; however, the tonic 
dystonic posturing may remain unchanged in 
the operating room [9]. Thus, stimulation 
through the DBS electrode is primarily per-
formed to identify the thresholds for side effects 
to ensure a reasonable therapeutic window for 
the electrode. Neurophysiologic recordings can 
identify regional anatomy to ensure appropriate 
location for implantation. The neurosurgeon 
will typically implant the electrode dorsal to the 
optic tract when targeting the posterolateral 
GPi. In the operating room, microstimulation 
through the MER electrode that induces phos-

Table 10.1 Determination of lead location based on clinical response to stimulation: ventral intermediate nucleus of 
the thalamus

Direction from ViM Structure(s) activated Symptoms
Anterior Voa Minimal side effects, suboptimal tremor reduction seen at 

higher thresholds
Posterior Vc Sensory paresthesias (typically focal area)
Medial Medial ViM, CM/Pf Dysarthria
Lateral Internal capsule Facial contractions, dysarthria, and limb spasms at similar 

amplitude thresholds
Ventral Vc, internal capsule Sensory paresthesias and facial contractions, dysarthria, and 

limb spasms at low thresholds for ventral contacts higher 
thresholds for dorsal contacts

Voa ventral oralis anterior, Vc ventral caudal, ViM ventral intermediate, CM/Pf centromedian–perifascicular complex

Table 10.2 Determination of lead location based on clinical response to stimulation: subthalamic nucleus

Direction 
from STN Structure(s) activated Symptoms
Anterior Internal capsule Dysarthria, facial pulling, limb spasms
Posterior Medial lemniscus Sensory paresthesias (typically hemibody)
Medial Oculomotor nerve, ventromedial 

STN (affective)
Diplopia and skew deviation of the ipsilateral eye, mood effects 
(depression, euphoria, inappropriate laughing)

Lateral Internal capsule, frontal eye fields Dysarthria, facial pulling, limb spasms, and conjugate gaze 
deviation

Ventral Substantia nigra, internal capsule, 
frontal eye fields

Akinesia and mood changes, facial pulling, conjugate gaze 
deviation

STN subthalamic nucleus

N. J. Patel et al.
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phenes (a sparkle or flashing of lights) indicates 
that it is implanted too deeply (Table 10.3). In a 
well- placed electrode, one can expect to find an 
improvement of parkinsonian symptoms such as 
tremor, rigidity, and bradykinesia with minimal 
to no side effects at higher amplitudes; partial to 
complete reduction of phasic dystonic move-
ments may also be observed in the awake 
patient.

 Other Targets to Treat 
Neuropsychiatric Conditions 
with Deep Brain Stimulation

Aside from Parkinson’s disease and tremor disor-
ders, DBS is approved by the Food and Drug 
Administration in the United States for the man-
agement of obsessive compulsive disorder 
(OCD), though the stimulation target is quite dif-
ferent given the circuitry involved. There is also 
increasing interest in the use of DBS to treat 
Tourette syndrome (TS) and depression with 
multiple targets, which remain investigational 
treatments at this time (Table  10.4). Targeting 
methods for these structures vary between image- 
guided and neurophysiology-guided techniques, 
and as a consequence awake testing is not always 
used or described in published reports.

 Obsessive Compulsive Disorder

The most consistent results of intraoperative 
stimulation effects relate to treatment for 
OCD.  Targeting for this disorder has evolved 
over time from the original target in the anterior 
limb of the internal capsule (ALIC) to a more 
posterior position in the ventral caudate/ventral 
striatum (VC/VS) and more recently includes 
interest in the bed nucleus of the stria terminalis 
[10]. Clinically effective stimulation in this con-
dition is often at higher pulse width (e.g., 
210 usec) and amplitude (up to 8 V), and these 
are replicated in the operating room. Generally, 
130 Hz is used during test stimulation. Stimulation 
that produces effective results is likely engaging 
white matter tracts in the ventral capsule, which 
may in turn beneficially interact with both corti-
cal and subcortical structures of the network [10]. 
The more inferior contacts are likely to produce 
the best combination of efficacy and tolerability 
of stimulation, though higher amplitudes of cur-
rent are more likely associated with psychiatric 
adverse effects. Otherwise, during test stimula-
tion, transient muscle contractions, olfactory and 
gustatory sensations, hypomania, anxiety, and 
fear may be elicited [11]. A positive indicator of 

Table 10.3 Determination of lead location based on 
clinical response to stimulation: globus pallidus internus

Direction 
from GPi

Structure(s) 
activated Symptoms

Anterior GPe, putamen No effect or partial 
benefit to PD 
symptoms

Posterior Internal 
capsule

Facial pulling or limb 
spasms

Medial Internal 
capsule, 
medial GPi

Facial pulling or 
muscle contractions, 
feeling “strange”

Lateral GPe, putamen No effect or partial 
benefit to PD 
symptoms

Ventral Optic tract Phosphenes in 
contralateral visual 
field

GPi globus pallidus interna, GPe globus pallidus externa

Table 10.4 Other neuropsychiatric conditions for DBS 
and usual or proposed targets

Disease State Targets
Obsessive compulsive 
disorder (OCD)a

Nucleus accumbens
Anterior limb of the internal 
capsule
Ventral capsule/ventral 
striatum
Bed nucleus of the stria 
terminalis/internal capsule
Ventromedial STN

Tourette syndrome 
(TS)

Posteroventral GPi
Anteromedial GPi
CM–Pf thalamusb

Depression Subcallosal cingulate gyrus
Ventral capsule/ventral 
striatum
Medial forebrain bundle

aOCD is the only psychiatric condition currently FDA- 
approved for treatment with DBS under a humanitarian 
device exemption (HDE)
bCentromedian–parafascicular complex of the thalamus
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future benefit is thought to be the induction of 
mirthful laughter, which may be indicative of a 
greater chance of a favorable outcome during 
chronic stimulation [12].

 Tourette Syndrome

TS is a neuropsychiatric disorder characterized 
by the presence of motor and phonic tics and 
frequent psychiatric comorbidities including 
OCD and attention-deficit hyperactivity disor-
der. Multiple targets have been proposed in the 
treatment of this condition with DBS [13], but 
the largest experience is with the centromedian–
parafascicular complex of the thalamus (CM–
Pf), or the globus pallidus interna, both the 
anteromedial (limbic) and posteroventral 
(motor) regions. Although randomized clinical 
trials have been attempted [14–17], their suc-
cess in blinded phases has not paralleled open 
label results of this treatment, possibly related 
to trial design [18]. Published reports offer lim-
ited information regarding awake testing proto-
cols or findings.

Targeting of the posteroventral GPi and awake 
testing should follow what is routinely done for 
PD and dystonia in this target as described earlier 
in this chapter, though no formal reports in TS 
exist. Information regarding the potential for 
stimulation effects and risk of side effects during 
awake testing can therefore only be extrapolated 
from the results of chronic stimulation. In a retro-
spectively reviewed series of 9 TS patients treated 
with bilateral posteroventral GPi stimulation and 
followed for 0.5–10 years [19], we found that the 
most common stimulation-induced side effects 
included dysarthria (n = 6), dystonia (n = 4), bra-
dykinesia (n = 3), and dyskinesia (n = 3).

In the largest randomized trials of DBS for 
TS, surgical procedures for stimulation in the 
anteromedial GPi by one group [16] were per-
formed under general anesthesia, and so awake 
testing was not performed, while in the other 
[17], an awake procedure was performed but test-
ing was not mentioned in the report. In these 
reports, stimulation has been reported to produce 
anxiety, dysarthria, dyskinetic limb movements, 

and hypomania, which each resolved with stimu-
lation adjustment.

More detailed reports of awake testing have 
been provided for a series of TS patients treated 
with the thalamic target in open label treatment. 
In early reports of CM–Pf stimulation [20], 
awake testing was performed using successive 
amplitude titration at a frequency of 100 Hz and 
a pulse width of 200 usec. An intense feeling of 
fear during testing in one patient suggested a 
position that was too lateral and did not recur 
after electrode repositioning. Eye deviation 
occurred in a second patient, suggesting stimula-
tion in the mesencephalon, and corrected after 
electrode repositioning to a more medial posi-
tion. By contrast, appropriate electrode position-
ing was suggested by the occurrence of a pleasant 
feeling during test stimulation. Similarly, sensa-
tions of “well-being” were reported in another 
series of TS patients during awake testing in the 
thalamic target [21], which, when coupled with 
no or minimal side effects, suggested appropriate 
electrode positioning. Test stimulation was per-
formed at a frequency of 100 Hz, a pulse width of 
60 usec, and up to 5 mA of current in a set of 
3-track recordings, and the permanent electrode 
track was chosen based on the results of this 
testing.

In another series of TS patients treated with 
CM–Pf stimulation [15], multiple-track micro-
electrode recording was followed by test stimula-
tion at a frequency of 130 Hz, a pulse width of 
60 usec, and up to 6 mA of current. Although the 
results of this testing guided final electrode posi-
tioning, further details are not provided. The 
authors do note, however, that visual disturbances 
were reported by some patients during chronic 
stimulation, the nature of which was not readily 
identifiable following detailed neuro- 
ophthalmological evaluation.

 Treatment-Resistant Depression

While DBS for treatment-resistant depression 
remains an investigational indication, consider-
able interest remains in refining the best target 
and optimizing chances of a treatment response 
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[22]. Although several potential targets have 
emerged, randomized trials have only been per-
formed for the subcallosal cingulate gyrus (SCG) 
and ventral capsule/ventral striatal (VC/VS) tar-
gets. In an initial study of the SCG [23], intraop-
erative monopolar stimulation was conducted in 
6 patients at PW of 60  usec and frequency of 
130 hz at each contact. Stimulation was titrated 
in 1.0 V increments every 30 seconds and acute 
effects were noted. These included improve-
ments in mood, motor speed, and volume/rate of 
speech in all subjects and were reproducible. 
Side effects included lightheadedness and psy-
chomotor slowing at very high voltages and 
more commonly at the higher stimulation con-
tacts. No electrodes were repositioned, and these 
effects were used to guide outpatient stimulation 
settings. Four subjects achieved clinical improve-
ment of depression.

The intraoperative test stimulation findings in 
the SCG were replicated in a larger study of 20 
subjects [24], where acute effects of stimulation 
in the operating room at 3–6 V led to feelings of 
calmness, improved mood, and increased interest 
and motivation at the inferior contacts, while 
some patients experienced mental slowing at 
higher voltages (8–10  V) and more commonly 
when stimulating from the superior contacts. 
Some patients did not experience any behavioral 
effects during intraoperative testing and no elec-
trodes were reported to be repositioned on the 
basis of intraoperative effects, lack of effects, or 
side effects, since targeting was based on radio-
graphic planning. Intraoperative test results were 
used to guide outpatient stimulation parameters. 
In this study, the most distal contacts of the quad-
ripolar DBS electrodes were targeted to be placed 
adjacent to the ventral bank of gray matter, such 
that the two central contacts were located within 
white matter, and the uppermost contacts were 
located adjacent to the upper bank of gray matter 
of the SCG. Targeting was achieved using direct 
visualization of the SCG on magnetic resonance 
imaging (MRI) and microelectrode recording to 
identify the gray and white matter regions. 
Ultimately, 60% of subjects were identified as 
responders to DBS and 35% achieved remission 
of depression at 6 months.

Later investigations indicated that the 
responder rate was improved by using a connec-
tomic approach in targeting this region in which 
comparison of the postoperative probabilistic 
tractography map to the presurgical deterministic 
tractography map was used to identify the opti-
mal contact for chronic stimulation [25]. In 11 
subjects studied in this manner, intraoperative 
test stimulation was used as a confirmatory mea-
sure of electrode position and to establish prefer-
ence in cases where two contacts had similar 
tractography maps. Methods were reapplied in 
nonresponders to determine if an alternate con-
tact showed favorable tractography patterns. In 
this study, 9 of 11 (81.8%) subjects were eventu-
ally characterized as responders and 6 subjects 
achieved remission at 1 year.

The VC/VS region is highly interconnected 
via a dense collection of nuclei to the orbitofron-
tal cortex, reward pathways, thalamus, hypothal-
amus, and amygdala [26]. The goal of test 
stimulation in patients treated with VC/VS stimu-
lation is to identify contacts that improve mood 
and anxiety symptoms without causing dose- 
limiting side effects. In one series [26], common 
observations during intraoperative awake testing 
included acute mood improvement, spontaneous 
smiling, reduced anxiety, and increased energy 
and awareness. Adverse effects of stimulation 
included tachycardia, increased anxiety, a sense 
of warmth/sweating, speech perseveration, and 
facial motor effects, all of which resolve with 
stimulation cessation or adjustment. During DBS 
procedures, if stimulation at least one contact led 
to subjective improvement and lack of adverse 
effects, the electrode positioning was felt to be 
adequate. In this series, lead position was altered 
in two patients on the basis of results of intraop-
erative testing.

The stereotactic targeting of the VC/VS 
intended to place the ventral contact at the ventral 
striatum and ventral anterior limb of the internal 
capsule (ALIC), while the more dorsal contacts 
would be positioned along the main axis of the 
ALIC.  In a subset of bilaterally stimulated 
patients with adequate postoperative imaging 
(n = 6) and in whom a systematic contact evalua-
tion was performed [27], the majority of improved 
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mood effects were noted with use of the inferior 
two contacts. The most inferior contact in the VS 
region was often accompanied by autonomic 
effects. The next more dorsal contact (also dorsal 
to the anterior commissure) was associated with 
improved mood, greater sense of energy and 
alertness, laughing, calmness, and talkative 
behavior without much autonomic effect. The 
combined concordance between intraoperative 
stimulation and postoperative programming 
results was 89% in this series. Minor facial motor 
and nonspecific sensory adverse effects of 
 stimulation were noted along the trajectory of the 
ALIC. Stimulation parameters were 90 usec and 
130  Hz, and stimulation was titrated in 1–2  V 
increments in monopolar configurations. Bipolar 
configurations were tested with a pulse width of 
120 usec.

Lastly, two small series of stimulation of the 
medial forebrain bundle [28, 29] for medication- 
refractory depression describe the utility of 
intraoperative testing to confirm adequate elec-
trode positioning. Surrounding structures 
include the red nucleus, subthalamic nucleus, 
and mammillary bodies. Monopolar test stimu-
lations from the macroelectrode tip at parame-
ters of 60  usec and 130  Hz were used, while 
amplitudes were titrated to 2–3 V to determine 
mood effects and presence of double vision 
[30]. Three groups of symptoms were appreci-
ated: appetitive motivation (head movement 
toward the examiner with initiation of visual 
and social contact), autonomic effects (increased 
heart rate by about 10 beats/minute), and double 
or blurred vision due to co-activation of oculo-
motor pathways. If the oculomotor effects were 
noted at a low threshold, the electrode position 
was changed.

Together, the use of awake testing in OCD, 
TS, and depression can inform clinical decision- 
making regarding final electrode positioning and 
in some cases predicting treatment response. In 
other cases, awake testing does not correlate with 
individual outcomes and may be more useful to 
serve as confirmation that electrodes can be 
titrated in the outpatient settings to clinically rel-
evant parameters.

 High-Frequency Ultrasound 
for the Treatment of Movement 
Disorders

MRI-guided focused ultrasound (MRgFUS) is a 
novel approach to movement disorders surgery as 
a minimally invasive ablative method to target 
areas of interest. Thus far, the Vim has been stud-
ied for tremor control but theoretically this tech-
nique may be applied to the GPi and other brain 
areas previously targeted by traditional lesional 
approaches such as gamma knife or radiofre-
quency surgery [31, 32].

The procedure occurs in an interventional 
radiology suite. A stereotactic frame and elastic 
water-filled diaphragm are affixed to a fully 
shaved scalp. A pre-procedure 3  T-MRI is 
acquired for surgical planning, after which serial 
sonications are delivered by a transducer with 
incremental increases in energy, while MRI ther-
mometry monitors tissue temperature to avoid 
bleeding and cavitation caused by excessive heat-
ing. The awake patient undergoes repeated clini-
cal testing during the procedure to identify 
therapeutic benefits and side effects by disruption 
of the targeted tissue after which a small lesion is 
made. Testing for tremor reduction and side 
effects is similar to the evaluations described in 
the ViM section for DBS electrode surgery.

 Epilepsy

Approximately 30% of patients with epilepsy will 
have intractable epilepsy, practically defined as a 
failure of two appropriately chosen and dosed 
anti-seizure medications [33]. It is statistically 
unlikely that any new medication trial will offer 
sustained seizure freedom, and as such patients 
are generally recommended to undergo evaluation 
for more invasive options including resective sur-
gery, deep brain stimulation (DBS), responsive 
neurostimulation (RNS), or vagus nerve stimula-
tion (VNS). Surgical candidacy is assessed utiliz-
ing a series of noninvasive studies with the goal 
being identification of epileptogenic cortex but 
also assessment of eloquent cortex that should not 

N. J. Patel et al.



127

be resected. The following sections outline the 
extent of awake testing in the evaluation of epi-
lepsy patients. In contrast to awake testing during 
DBS surgeries which are conducted intraopera-
tively to assess for appropriate therapeutic benefit, 
these evaluations are conducted prior to the epi-
lepsy surgery itself in order to confirm a patient’s 
candidacy for surgical treatment.

 Epileptogenic Cortex Identification

 Magnetic Resonance Imaging (MRI)
The standard presurgical epilepsy workup 
includes an MRI scan of the brain with thin cut 
slices that are oriented perpendicular to the axis 
of the hippocampus. Improvements in magnet 
strength and epilepsy protocol scans have led to 
improvements in detection rates with rates 
increasing by 2.5 times with use of a 3 T magnet 
MRI as compared to a 1.5 T magnet, particularly 
for subtle pathologies such as heterotopias, focal 
cortical dysplasia, and hippocampal sclerosis 
[34, 35].

 Epilepsy Monitoring Unit (EMU)
Video EEG monitoring is performed to capture 
habitual events and to confirm the diagnosis of 
epilepsy. This is typically performed as an inpa-
tient study under 24-hour supervision to safely 
wean medications, efficiently capture seizures, 
and test the patient during the event [36].

 Positron Emission Tomography (PET)
Hypometabolism seen on a fluorodeoxyglucose 
(FDG) positron emission tomography (PET) scan 
has been postulated to effectively localize the sei-
zure focus or foci. In cases of temporal lobe epi-
lepsy managed surgically, findings of unilateral 
hypometabolism by PET even in the absence of 
an MRI abnormality was associated with seizure 
freedom rates approaching cases of mesial tem-
poral sclerosis, even without additional invasive 
EEG monitoring [37]. In patients with focal cor-
tical dysplasia, co-registration of PET and MRI 
findings may help identify subtle areas of focal 
cortical dysplasia not seen on visual analysis of 
MRI alone [38].

 Single-Photon Emission Computed 
Tomography (SPECT)
Perfusion studies with injection of radionucleo-
tide tracers obtained in the ictal and interictal 
states have shown to be helpful in the identifica-
tion of epileptic foci. Current standard of care 
involves the utilization of subtraction ictal 
single- photon emission computed tomography 
(SPECT) co-registered to MRI (SISCOM) which 
if localized to the surgical site has a 62.5% 
chance of seizure freedom compared to 20% if 
the results are discordant with the surgical site 
[39]. This procedure is highly dependent on 
early recognition of a seizure and prompt injec-
tion of the radionucleotide, with late injections 
(greater than 45  seconds after seizure onset) 
shown to have a higher likelihood of nonlocal-
izing or equivocal results (47.6% to 10%) [40]. 
More recently, statistical parametric mapping 
(SPM) has been validated as a technique to 
determine the statistical significance of perfu-
sion changes in epilepsy patients by comparing 
the changes to a control group without epilepsy. 
In 49 cases of refractory focal epilepsy with nor-
mal MRIs, the SPM-processed SPECT scans 
detected hyperperfusion concordant with the 
surgical resection site 67% of the time compared 
to 38% when using SISCOM [41, 42].

 Magnetoencephalography (MEG)
MEG is a neurophysiological test measuring 
magnetic fields generated by the human brain. 
Magnetic fields have less distortion from the 
resistive properties of the skull and scalp and 
provide superior resolution than scalp EEG 
[43]. Furthermore, MEG systems typically uti-
lize several hundred channels of recording, 
offering a higher spatial resolution. However, 
the magnetic fields generated by the brain are 
very weak and there is a very low signal-to-
noise ratio. As a result, sophisticated technology 
is utilized to amplify the signal and testing must 
occur in a magnetically shielded room. These 
requirements make the MEG machine expen-
sive and difficult to maintain, limiting its wide-
spread availability. In patients with refractory 
epilepsy who undergo surgical intervention, 
however, having a well- defined cluster of MEG 
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spikes is shown to be a predictor of seizure free-
dom [44]. Conversely, incomplete resection of 
tissue associated with a cluster of MEG spikes 
in the targeted area is associated with a worse 
postsurgical outcome [44].

 Eloquent Cortex Identification

 Functional MRI (fMRI)
Functional MRI is based on use of blood- oxygen- 
level-dependent (BOLD) contrast imaging, mea-
suring hemodynamic changes in activated areas 
relative to inactivated areas. This has been shown 
to be an effective localizing tool for identifying 
central sulcus and visual cortex when compared 
to extraoperative cortical stimulation [45]. This 
has been also showed as a useful tool in lateral-
izing language activity and has largely replaced 
Wada as the testing of choice to lateralize lan-
guage function [46].

 Wada Testing
The Wada test (intracarotid amobarbital proce-
dure) utilizes a cerebral angiogram and adminis-
tration of a barbiturate via an intra-arterial 
catheter which temporarily impairs function on 
the side of the injection. This test is performed 
with the patient awake with language and mem-
ory testing performed during the procedure to 
assess medication effect. Despite the invasive-
ness of the procedure and the potential risks of an 
angiogram, it remains the gold standard for mem-
ory lateralization prior to resective temporal lobe 
surgery [47].

 Magnetoencephalography (MEG)
In addition to identifying epileptic foci, MEG has 
been shown to be effective in mapping critical 
functional cortex. Hand motor responses obtained 
by MEG and fMRI were shown to be within 
10  mm of each other [48]. Similarly, stimulus- 
evoked responses in the visual auditory or 
somatosensory cortices can be generated through 
signal averaging of several trials [48]. MEG can 
also identify language cortices, although this 
requires additional modeling and processing in 
contrast to fMRI which directly measures hemo-

dynamic responses from activated cortex. Even 
with this, MEG has been shown to be concordant 
to Wada testing across series on average 70–80% 
of the time [49].

 Phase II Evaluations

Phase II evaluations are performed when nonin-
vasive testing does not provide a clear treatment 
path. In some cases, a patient’s epilepsy surgery 
evaluation will require intracranial EEG sam-
pling as a necessary diagnostic step before dis-
cussing surgical treatment options. Traditional 
invasive epilepsy surgery evaluations in the 
United States have been performed with the 
placement of subdural grids and strips to identify 
epileptogenic cortex and to define boundaries of 
functional tissue. However, these electrodes 
require a craniotomy, posing an increased risk of 
morbidity and mortality [50]. Stereotactic depth 
electrodes strategically placed to understand 
onset and evolution of the patient’s seizures have 
been employed in selected centers across Europe 
for decades (stereo-encephalography [SEEG]) 
and have found increasing interest in the United 
States. Multiple electrodes are placed deep within 
the substance of the brain through burr holes. 
This offers the advantage of being a minimally 
invasive approach while allowing greater preci-
sion and extent of coverage including the possi-
bility of bilateral electrode placement. 
Furthermore, these electrodes enable the identifi-
cation of deep epileptogenic foci that were previ-
ously difficult to identify with subdural electrodes 
including the insula and cingulate cortices [51].

 Phase II Planning

Traditional synthesis of preoperative testing in 
the workup for epilepsy surgery involves patient 
management conferences where individual tests 
are discussed and the epilepsy management team 
comes to a consensus on type of surgery to per-
form and the need for phase II coverage. 
Discussions of intracranial coverage and schemes 
involve cartoon maps depicted in 2D space.
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With increased utilization of SEEG, there is a 
greater technical requirement. Electrode trajecto-
ries must now be visualized and planned in 3D 
space in order to appropriately target important 
regions of the brain as well as to avoid injuries 
secondary to SEEG electrodes. Vessel imaging is 
now routinely performed through CT angiogra-
phy or double-contrast MRI without need for 
cerebral angiography in order to ensure safe 
placement of SEEG electrodes to avoid travers-
ing vessels.

The benefits of SEEG are further enhanced 
with the use of recent technologic advances. 
Planning software allows the treating clinicians to 
plan depth electrode trajectories in advance using 
the patient’s preoperative MRI scans. Robotic 
assist devices allow expedited placement of elec-
trodes without the need for stereotactic frames.

The current state of SEEG allows for a robust 
ability to engage the epileptogenic targets and 
downstream network hubs. Utilizing clinical 
semiology and expected propagation of clinical 
symptoms along epileptogenic networks, func-
tional data, neurophysiologic data, and struc-
tural imaging, clinicians can develop an 
implantation scheme sampling from several of 
these regions. Software incorporating multi-
modal co- registration of relevant neurophysio-
logic, functional, and imaging data including 
MEG, EEG–fMRI, SISCOM, and other neuro-
physiologic studies allows tailored planning for 
depth electrode placement [52].

 Resection

Select patients who have readily identifiable epi-
leptogenic networks that do not overlap with elo-
quent cortex may be candidates for resective 
surgery. Frequently, prior functional and epilep-
togenic cortex testing is compiled to devise a 
resection scheme which can be performed while 
the patient is asleep. However, in select cases, 
there is sufficient concern about eloquent cortex 
in close proximity to the proposed resection. In 
such cases, direct cortical stimulation is applied 

while the patient is awake and performing cus-
tomized tasks to identify eloquent language, 
motor, speech, or visual cortex, so-called awake 
craniotomies. In the adult population, resection 
of tumors near eloquent cortex, particularly the 
perirolandic cortex, have been shown to be more 
cost-effective with better immediate and late neu-
rologic outcomes when performed under awake 
mapping conditions [53].

 Summary

The utilization of intraoperative testing for the 
implantation of DBS electrodes is well estab-
lished in the treatment of movement disorders 
targets. This layer of testing is a useful tool in the 
operating room which provides real-time verifi-
cation of the symptomatic benefits from stimula-
tion and spatial resolution to assist the 
neurosurgeon with electrode repositioning should 
the patient experience excessive side effects or 
suboptimal therapeutic response from the initial 
electrode tract.

When neuropsychiatric disorders such as 
OCD, depression, and TS are being treated with 
DBS, intraoperative testing can verify appropri-
ate electrode positioning if acute beneficial 
effects are noted, confirm usability of electrodes 
at clinically relevant settings, or indicate pres-
ence of side effects that may warrant electrode 
repositioning. In select cases, intraoperative test-
ing results may predict long-term outcome. For 
patients with intractable epilepsy, presurgical 
testing as part of an evaluation for epilepsy sur-
gery is necessary to better delineate the extent of 
epileptogenic cortex and to identify eloquent 
cortex that should not be included in any resec-
tion. Recent advances in technology allow for a 
greater ability to integrate this information in 
surgical planning and any possible resection. In 
cases where there is a concern for a resection 
that may encroach upon eloquent cortex, an 
awake craniotomy with direct cortical stimula-
tion can be performed as a means to preserve 
neurologic function.
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Cloud-Based Stereotactic 
and Functional Neurosurgery 
and Registries

Pierre-François D’Haese

Our healthcare system continually evolves, with 
three significant forces at work: advancing the 
quality of care, managing the cost of care, and 
enhancing engagement and patient relationship. 
Those forces are transforming healthcare into an 
“information-driven,” “evidence-based,” and 
“outcome-driven” model. Healthcare has experi-
enced a decade of digitizing medical records and 
aggregating years of research and development 
data in electronic databases. Following this trend, 
clinicians and researchers have gathered infor-
mation about people with certain conditions, 
both individually and as groups, and over time, to 
increase our understanding of that condition. 
Clinical registries have provided information to 
healthcare professionals to improve the quality 
and safety of the care they provide to their 
patients. For example, the use of evidence-based 
practice guidelines can be evaluated by asking 
questions like, “How many patients are receiving 
recommended treatment(s)?” In addition, infor-
mation from clinical data registries is used to 
compare the effectiveness of different treatments 
for the same disease or condition, to evaluate dif-
ferent approaches to a procedure, and to monitor 
the safety of implanted devices. The information 
from clinical data registries is also used to sup-
port healthcare education, accreditation, and cer-

tification. Finally, information from clinical data 
registries is increasingly used to ensure that pay-
ment is adjusted based on the quality of care pro-
vided and to give patients the information they 
need to make better choices.

The primary challenge of any registry remains 
its sole purpose: gathering meaningful data. A 
clinical data registry begins by defining a patient 
population and then recruits healthcare profes-
sionals who will submit data on a representative 
sample of these patients. As data enters the clini-
cal data registry, quality checks are performed to 
ensure the correctness and completeness of the 
data. If something is missing or outside of the 
expected range, the registry staff contacts the 
submitting healthcare professionals and asks 
them to review and verify the data. Many registry 
leaders are overburdened by the challenges that 
persist when structuring, accessing, standardiz-
ing, and managing clinical data between multiple 
centers within a budget.

Moreover, the sensitivity of data privacy and 
ownership adds to the challenges of a successful 
registry. Government agencies have strict privacy 
requirements set by law such as the Federal 
Information Security Management Act (FISMA) 
and the Health Insurance Portability and 
Accountability Act (HIPAA). Ultimately, gather-
ing data from the clinical flow and sharing it in a 
de-identified way with a registry has been slow, 
inefficient, and costly. While registries are by 
default research initiatives, clinical data is stored 
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in each environment in the electronic medical 
records (EMRs), a centralized electronic system 
that archives evidence of care for each patient.

There is evidence of pharmaceutical and some 
life science companies that have been able to cre-
ate value by extracting data from EMR systems. 
For instance, Flatiron, Inc., a Google-funded, 
New York-based company, has set up a model to 
extract from EMR patient diagnoses, medica-
tions, and their effect on treating a patient’s can-
cer. Flatiron connects a large number of medical 
centers to harvest data on a large number of 
patients. Its analysts can mine the data to see 
what treatments are most useful for particular 
conditions, identify patterns, and gain knowledge 
to improve patient care and reduce costs. The 
industry could indeed benefit from connecting 
with the clinical flow through EMRs. The conclu-
sion is not so clear for registries. Research and 
clinical systems are kept in two very distinct 
siloes for obvious privacy and data ownership 
reasons. These are not only separated by different 
IT systems and management teams but by com-
pletely different privacy and legal units which 
makes it extremely difficult to “plug into” a set of 
EMR systems and exploit the data for population- 
based analyses. In addition, while it is true that 
EMR data is exploitable for learning how medi-
cations affect patients suffering from cancer, the 
data involved in treating disorders of the central 
nervous system (CNS) (e.g., Parkinson disease, 
Alzheimer’s disease, epilepsy, or depression) is 
less standardized and not usually stored in elec-
tronic medical records in an easily usable way 
across medical centers.

According to the World Health Organization, 
if left unchecked, 15 years from now, more than 
12 million Americans will suffer from neurologi-
cal diseases. The necessity of finding treatments 
for neurodegenerative diseases is thus increasing. 
Neurodegenerative diseases require solutions 
that involve a broad range of expertise encom-
passing such different fields as neurology, genet-
ics, brain imaging, drug discovery, 
electrophysiology, stereotactic neurosurgery, and 
computer science, all of which generate large 
datasets related to small targets within the brain. 
Neuromodulation has emerged as a restorative 

therapy to treat neurological conditions such as 
Parkinson disease. As a result of pioneering work 
by Drs. Benabid and DeLong, deep brain stimu-
lation (DBS) is now a primary surgical technique 
that reduces tremors and manages motor symp-
toms in patients with advanced Parkinson dis-
ease, dystonia, or essential tremor and shows 
promise in the treatment of depression or obses-
sive compulsive disorder. Much of the future 
potential in precisely focused therapy such as 
DBS or MR-guided focused ultrasound relies on 
understanding the exact location of delivered 
therapy and its impact on circuitry with a milli-
metric (or even submillimetric) level of preci-
sion. DBS is one of the only minimally invasive 
therapies that allow for the capture of complex 
data and relate it to an accurate location inside 
the patient’s brain. Recordings during DBS 
implantation provide access to single neuron 
activity as well as local field potentials and elec-
trocorticography, in research settings. No other 
therapy provides such exceptional access to data. 
Deep brain stimulation is, therefore, a chance for 
the clinical research community to study electro-
physiological brain mechanisms. However, time 
for intraoperative data collection is limited neces-
sitating aggregation of data from a population of 
patients. Precise co-localization of population 
data for DBS therapy can have an enormous 
impact on our ability to create models and accu-
rately study DBS mechanisms. The variation in 
human brain anatomy is large enough that a sim-
ple aggregation of data without accurate co- 
representation within a common space leads to 
vague generalizations and comparisons of treat-
ment modalities and diagnostic capabilities [1].

Responding to the need to collect and share 
data, a number of research tools have been devel-
oped to support registries. In 2003, Neurotargeting 
created a collaborative system called CranialVault 
[1–4] which focuses on DBS; in 2005, Marcus 
et al. [5] offered to the community the XNAT sys-
tem which has a primary objective of supporting 
the sharing of clinical images and associated 
data. This is a goal shared by other successful ini-
tiatives such as NiDB [6], LORIS [7], and COINS 
[8]. The Alzheimer’s Disease Neuroimaging 
Initiative (ADNI) unites researchers with study 
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data as they work to define the progression of 
Alzheimer’s disease [9]; Ascoli et  al. [10, 11] 
focus on sharing cell data, Kotter [12] on cortical 
connectivity, and Van Horn on fMRI [13], to give 
only a few examples. Another example is the 
Collaborative Research in Computational 
Neuroscience (CRCNS) program funded by the 
US National Institutes of Health (NIH) and 
National Science Foundation which focuses on 
supporting data sharing. The CRCNS provides a 
resource for sharing a wide variety of experimen-
tal data that are publicly available [14]. In paral-
lel, tools to support structured heterogeneous 
data acquisition within or across institutions have 
been developed such as the REDCap [15] system 
which can claim more than 100,000 projects with 
over 150,000 users spanning numerous research 
focus areas across the REDCap consortium.

Historically, registries have been organized by 
governmental entities or associated with profes-
sional societies or the research community, facili-
tated by systems like REDCap or XNat or through 
a Data Coordinating Center.

The complexity and heterogeneous nature of 
the data acquired during neuromodulation proce-
dures have been the main reasons for the diffi-
culty in creating large-scale registries and have 
limited the global adoption of existing ones. A 
system that can store and share data efficiently 
should be able to connect imaging datasets to 
electrophysiological neuronal signals, patients’ 
responses to stimulation, disease progression and 
follow-up scores, the amount of medication taken 
by patients, neuromodulation parameters, and 
quality of life measures and clinical care. The 
absence of widespread standards for data acquisi-
tion and processing further complicates the task.

Over the last 15 years at Vanderbilt University, 
our team has studied solutions that could circum-
vent these challenges while using modern tech-
nologies. The rest of this chapter discusses in 
detail the challenges associated with capitalizing 
on big data for neuromodulation based on our 
experiences over the years and through multiple 
iterations of conception and refinement of a sys-
tem that is called CranialCloud. The associated 
research was performed at Vanderbilt University, 
directed by Dr. Benoit Dawant, PhD, Dr. Pierre- 

Francois D’Haese, PhD, and Dr. Peter E Konrad, 
MD, PhD, and funded by 3 R01 (2R01-EB006136 
and 9R01-NS095291). The underlying technol-
ogy was translated to a newly formed com-
pany called Neurotargeting using NIH phase I 
and II STTR funding (R41NS063705, 
9R42MH100007). The company’s role was to 
create an independent, legal, and commercial 
framework for such a solution to be sustainable 
across institutions. Forming a company was cru-
cial in order to handle the regulatory and privacy 
requirements related to a system that would col-
lect data from the clinical flow. While this chap-
ter is not intended to promote any concept related 
to Neurotargeting, some of the following discus-
sion will mention Vanderbilt University and 
Neurotargeting’s data framework, CranialCloud.

Ideally, a registry should provide a patient- 
centric system, integrated into the clinical flow, 
that would combine continuous data acquisition 
during the whole extent of care of the patient with 
the collection of data from advanced and some-
times homemade research protocols. We envi-
sioned a system that would work as easily as 
Dropbox but as securely as a vault for storing 
valuable patient data. This system would allow 
clinicians and researchers to not only cross the 
boundaries of interdisciplinary collaborations but 
also enable researchers to create a collaborative 
network without breaching any legal aspects, 
would be able to interconnect with existing 
devices and data acquisition systems as well as 
with other existing archives, would allow experts 
in data analytics to plug-in for expert analyses, 
would enable research while considering ethical 
implications, and could validate and disseminate 
technology once developed.

Creating an SQL-based structure [2, 4] was 
the clearest starting point, allowing storage for 
any deep brain stimulation-related data, connec-
tion to clinical tools to accumulate data without 
disrupting the clinical flow, and integration of a 
processing pipeline used to normalize [4] the 
data collected from each patient into a standard 
reference system called the atlas. Most systems 
are currently developed as centralized archives 
with virtual private databases in which data from 
any partnering group can be stored. In its original 
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iteration, the CranialVault system centralized 
data at Vanderbilt University. This type of archi-
tecture allows easier management and sharing of 
data across groups, but difficulties arise concern-
ing data ownership, cross-institutional data shar-
ing (such as receiving multiple Institutional 
Review Board (IRB) approvals for sharing data 
across universities), and the stability of a resource 
that is largely sustained by investor-initiated fed-
eral grants. The common alternative is to use a set 
of individual databases connected between each 
other, known as a distributed database. While 
used often in the industry, this system also has its 
drawbacks. It necessitates both local and global 
management teams operating on one system. The 
local servers must be maintained while the global 
team is responsible for managing the intercon-
nection between groups. With the adoption of 
modern technologies in healthcare, a third alter-
native has come to light: cloud-based solutions, 
consisting of a set of interconnected nodes hosted 
in the cloud, with each institution or group own-
ing its own account.

The following are essential components to ful-
fill the necessities of a robust, HIPAA-compliant 
cloud-based archive for neuromodulation data. 
Incorporated in the reasoning are the pitfalls that 
can produce a suboptimal design.

• Patient-centric and PHI
• Integration with clinical workflow
• Assuring data quality and completeness
• Integration of spatial and temporal data
• Ready for sensing and clinical surveillance 

data
• Respecting the privacy and ethical implica-

tions of neuroscience research
• Security from the ground up
• Fostering data sharing
• Data normalization
• Custom patient-based medicine

 Patient-Centric and PHI

Due to the legal and security requirements, sev-
eral archives have decided to ban protected health 
information (PHI) from their system. Avoiding 
PHI altogether allows for simpler data manage-

ment, storage, and transfer without the security 
burden required to satisfy the Office for Civil 
Rights (OCR) and HIPPA regulations in US pol-
icy. However, operating in a fully anonymized 
setting becomes a limitation when working with 
longitudinal datasets from patients or subjects 
that are observed for an extensive period of time. 
Furthermore, an anonymized system does not 
integrate easily into the clinical flow. When data 
is completely de-identified, significant clinical 
features included in the PHI restricts the ability to 
trace data from a given patient over a long time or 
in complex clinical environments. While longitu-
dinal studies are performed with de-identified 
patients, the study must be designed accordingly 
to track patients in time.

 Integration with Clinical Workflow

For archives that focus on large and complex data-
sets, such as the one involved in the BRAIN 
Initiative, ease-of-use and automated, non- 
disruptive data acquisition are essential. It is cru-
cial for the archive to be integrated with the 
clinical tools that produce or create application 
programming interfaces (APIs) and channels for 
such datasets. This connection demands an exten-
sive understanding of the multidimensional data 
to be obtained as well as the data acquisition flow.

A useful model of this integration is the col-
lection and use of microelectrode recordings 
(MER) during deep brain stimulation recordings. 
MER can produce gigabytes of data on systems 
that are frequently not connected to the Ethernet 
and thus necessitate dedicated formats and stor-
age tools. NeurOmega from Alpha Omega 
(Nazareth, Israel) and the LP+ from FHC 
(Bowdoin, ME, USA) are both systems that are 
commonly used to collect MER data from 
humans. The signals recorded from such systems 
are not associated with the patient’s scans, but 
rather with a patient, a trajectory, and a position 
on this trajectory. While this is a relevant aspect, 
it prevents the MER data from being co-located 
with the patient’s brain. The co-localization of 
MER information can then only be “estimated” 
on an MRI through manual transfer to a Cartesian 
reference system (AC–PC system). In order to 
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accurately locate the signals from a patient’s 
brain, additional significant data has to be gath-
ered including imaging data (preoperative MRI 
or CT) and a surgical plan (position of the trajec-
tory, frame coordinates, etc.), all of which are 
accessible and already structured throughout the 
clinical flow. Thus, it is imperative to determine 
the standards and force the industry to open their 
softwares to acquire data directly from the clini-
cal flow. Our experience has revealed the difficul-
ties in connecting with software from leaders in 
the industry. While the reasons are numerous, the 
software for neuromodulation is not their main 
market and ventures to move toward new tech-
nologies are not recognized as a top priority. This 
disconnection from the leaders drove us to design 
and create a suite of software dedicated to DBS 
and connected to our cloud-based archive. The 
system has since been regulatory cleared [2] for 
use in the clinical flow, ranging from planning to 
intraoperative guidance to postoperative 
programming.

 Assuring Data Quality 
and Completeness

Various datasets are commonly interconnected; 
missing information can cause misinterpretation 
when analyzed by researchers, leading many 
engineers to build archives specifically for their 
labs. Thus, the development of an archive that 
will be used in a collaborative environment gen-
erates challenges when researchers need to be 
able to trust the data from others. Therefore, 
designing the proper methods to filter the data 
requires an understanding of data complexity. To 
demonstrate this notion with the example of 
MER data, the location of the MER signals will 
only be accurate if the system is designed with a 
broad perception of factors that can create such 
inaccuracies. For example, the amount of brain 
shift in surgery could be an element that would 
make the location MER in the brain inaccurate 
and consequently misleading or unusable by oth-
ers. Thus, it is crucial to create a system that can 
store information to allow the integration of 
enough data to evaluate and assure the quality by 
manual or automated quality checks.

 Integration of Spatial and Temporal 
Data

The brain is a dynamic system and consequently 
the archive must be able to combine spatial and 
temporal datasets, allowing for a centralized view 
of the brain. Spatial data is usually related to the 
ability to detect recordings or events and relate 
them to a position or network in a patient’s brain. 
This data requires imaging techniques varying 
from clinical MRI to advanced diffusion imag-
ing. While spatial data is limited to recordings of 
brain activity, temporal analysis relates specific 
events to brain activity, storing a triggering event, 
and the ensuing activity that can take millisec-
onds, minutes, or even a lifetime. The archive 
should have the ability to not only store such 
data, but it should be able to efficiently query it 
for data analysis.

 Ready for Sensing and Clinical 
Surveillance Data

Sensing and surveillance systems can be used to 
monitor daily electronic data streams for abnor-
mal counts of various features. The benefits of 
such technologies are being evaluated not only 
by the industry but also by researchers through 
devices such as sensing DBS generators from 
Medtronic [16] or wearable sensors like those 
developed by Fitbit. However, the data that these 
technologies generate introduces specific chal-
lenges when being handled, streamed, and stored. 
As these technologies become the norm, the 
archive design must include methods to effi-
ciently handle the storage, processing, and query-
ing of such data.

 Respecting the Privacy and Ethical 
Implications of Neuroscience 
Research

Brain research may raise important issues about 
neural enhancement, data privacy, and appropri-
ate use of brain data in law, education, and busi-
ness. Cloud-based archives must adhere to the 
highest ethical standards for research with human 
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subjects under applicable laws. To support these 
standards, it is important for the user of the sys-
tem to easily be able to track IRBs and consent 
forms and respect HIPAA compliance by being 
able to remove patient data upon an individual’s 
request to be withdrawn from a study.

 Security from the Ground Up

As opposed to data stored in the local IT architec-
ture of a medical center, the archives deployed in 
a public cloud such as the Amazon Cloud are 
exposed to usual cloud risks including hacking, 
rogue administrators, accidents, complicit service 
providers, and snooping governments. Therefore, 
security needs to be thought through from the 
ground up in any trans-institutional patient-data 
management system. Client-side cryptography is 
a good solution to these issues as it allows users to 
protect their own data with individual, per-file 
encryption and protect access to that data with 
user-controlled keys. The encryption, decryption, 
and key management are all done on the end 
user’s computer or device, meaning the data in the 
cloud only exists in its encrypted state.

To remain a completely HIPAA-compliant, 
cloud-based system, users need to employ multi-
level encryption to ensure data integrity, owner-
ship, and security. In addition, the cloud-based 
archive legal entity needs to maintain a Business 
Associate Agreement with Amazon AWS as well 
as with each medical center. The archive also 
needs to be constantly monitored by a third-party 
entity to keep the security and ownership control 
at the highest global standards. In rare cases, 
some institutions may require the data to be 
hosted physically at the institution. Therefore, 
the system should allow for the deployment of a 
physical node at an institution while keeping it 
connected to the cloud network.

 Fostering Data Sharing

While the concept is accepted by most research-
ers, open-data sharing remains challenging as it 
leads to questions of data ownership and issues 

with IRB, IP, or publishing. However, there is a 
clear need for data sharing across selected part-
nering institutions. To foster data sharing, we 
designed the CranialCloud to allow the creation 
of “social networks” —research networks that 
permit researchers to share data selectively with 
other researchers they want to share data with 
instead of relying on an open-ended sharing 
agreement. The researcher or clinician could then 
share data privately to facilitate collaboration 
prior to publication. To comply with the NIH 
vision, a defined period of time could be estab-
lished before that dataset is shared with the rest 
of the research community. Publication agree-
ments in advance of sharing can also help miti-
gate future concerns about necessary and 
sufficient attributions.

 Data Normalization

The impact of data normalization in neuromodula-
tion [1] has often been neglected. Since its pio-
neering days, DBS researchers have made progress 
by studying the location of motor and sensorial 
brain functions from data collected from cohorts 
of patients. A common approach to study such 
data has been to build probabilistic maps that rep-
resent the likelihood of observing a particular 
response to the experiment of interest. Such inter-
patient studies require a mechanism to compare 
brains from different patients. While human brains 
are topologically similar, they are also different in 
size, shape, and connectivity. Regardless, because 
of the lack of better tools, the stereotactic or the 
Talairach coordinate system [17] has found the 
most widespread acceptance in the clinical com-
munity to normalize DBS-related observations for 
localization and communication of three-dimen-
sional positions in the brain. It uses the anterior 
and posterior commissures as internal landmarks 
to define a right- handed coordinate system. Their 
midpoint typically defines the origin even though 
either the anterior or posterior commissure is 
sometimes used instead. A point in the three-
dimensional space is then defined as being ante-
rior–posterior, medial–lateral, or dorsal–ventral to 
this origin. Stereotactic and linear methods used to 
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match different brains cannot accurately match 
functional areas across individuals because these 
are local subregions that are not well predicted by 
gross anatomical landmarks. The use of Talairach 
coordinates is often favored over other methods 
because of its simplicity and its prevalence in the 
medical literature prior to the availability of more 
sophisticated normalization schemes. However, 
the progress made in medical image processing 
permits volumetric approaches such as nonlinear 
registration algorithms to align such regions with 
better accuracy and allowing more focal mapping 
of data from a population of patients and subse-
quent analyses as illustrated in Fig. 11.1. In a nut-
shell, these algorithms use the MRI intensity 

distribution to find the optimal transform between 
scans from different patients or between a patient 
and a volume of reference (often called atlas). 
Nonlinear registration algorithms have been well 
known in the imaging community. The algorithm 
initially used in the CranialCloud is the algorithm 
designed by Rhode et  al. [18] at Vanderbilt 
University but is one option among other similar 
algorithms [18–22]. Figure 11.1 shows the effect 
of normalization on 620 data points showing at 
least 50% efficacy in tremor reduction (measured 
subjectively by a neurologist during surgery) from 
86 DBS ventral intermediate nucleus (Vim) 
implantations. One could easily see the dramatic 
effect of using a suboptimal normalization system 
on the statistical analysis intended to show optimal 
location for stimulation to control tremor in 
patients. The view presents the Vim of the refer-
ence MRI volume overlaid with the segmentations 
of structures and the probabilistic map of tremor 
control built from a population of patients using 
(a) Talairach coordinates and (b) nonlinear image 
normalization. The view shows that statistical 
maps created by nonlinear normalization of data 
from several individuals are highly localized, 
while those created using the Talairach coordi-
nates have a larger spread. This is because nonlin-
ear methods have substantially more degrees of 
freedom and can thus better account for local ana-
tomical differences. Furthermore, the map built 
using nonlinear normalization correlates strongly 
with the anatomical Vim, while the Talairach 
approach produces scattered results.

This illustrates the importance of the choice of 
the normalization scheme when analyzing such 
data and interpreting the results of such analyses. 
Even though these new nonlinear methods 
require more processing than methods that rely 
on Talairach coordinates, they should be pre-
ferred to linear ones in order to accurately and 
reliably compare functional information across 
individuals. Recently, nonlinear algorithms have 
been made more accessible to researchers and 
clinicians alike in user-friendly software pack-
ages and allowing a wider use in clinical analy-
ses. Their use will likely improve the accuracy of 
statistical studies and clinical conclusions in ste-
reotactic and functional data analyses.

a

b

Fig. 11.1 Normalized data of location of optimal tremor 
control in over 100 patients recorded from intraoperative 
stimulation overlaid to a reference atlas MRI. (a) Points 
are normalized using Talairach rigid approach. (b) Points 
are normalized using a nonlinear registration approach. 
One can note how focal the statistical map created from 
the points is on (b) compared to (a)
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 Custom Patient-Based Medicine

DBS requires precise targeting so that the final 
implant can be placed in an optimal location to 
achieve therapeutic benefit without causing side 
effects. Every single patient gets a custom lead 
placement. Traditionally, this custom position is 
reached by refining an initial preoperative target 
based on what his or her doctors are able to test in 
the operating room. Although this process com-
pensates for initial inaccuracies in preoperative 
targeting and allows adjustment for the anatomic 
and physiological variability across patients, it is 
time consuming and invasive, and it may increase 
the operative risk when multiple penetrations are 
required. Given the importance of accurate local-
ization of the optimal target, different approaches 
have been used to develop preoperative planning 
methods more adapted to a patient’s singular 
anatomy. Such methods include indirect targeting 
based on anatomic landmarks and direct target-
ing using various imaging modalities. An alterna-
tive option is to couple functional atlases with 
nonlinear image registration techniques. Such an 
approach allows physicians to use a priori infor-
mation contained in preoperative patient images 
and deform a physiological atlas to match a 
patient’s anatomy. Given their potential, there has 
been much effort over the past few decades 
toward increasing the robustness and accuracy of 
such nonlinear registration algorithms and vali-
dating their use to automatically guide DBS 
planning.

In the CranialCloud system, the locations of 
the final DBS implant and the individual contacts 
are extracted from a postoperative CT or 
MRI. The individual contacts are projected onto 
the reference atlas by using fully automatic non-
rigid registration between a patient’s preoperative 
MRI and the atlas MRI.

When it is needed to customize the atlas to a 
new patient’s anatomy, the reverse process is 
used. The atlas MRI is nonlinearly transformed 
onto the patient’s MRI and all the content of the 
atlas is projected onto the patient. Using outcome 
measures, the atlas points can be filtered to only 
show a subset of the cloud of contacts. Filters can 
be set to select all the points that match global 
criteria such as a certain percentage of control of 

the symptoms, a specific change in UPDRS, or 
similar metrics. We have shown that taking the 
centroid of a cloud of active contacts associated 
to patients showing a satisfactory control of their 
symptoms through stimulation exceeded the pre-
cision of the best manual approach to subtha-
lamic DBS targeting for Parkinson disease [23]. 
Filtering is not limited to using global metrics 
that can be applied to patients. One could explore 
the effect of adaptive filtering based on preopera-
tive predictors such as filtering to select patients 
that would show similar anatomy than the patient 
to be treated or selecting patients that would 
show similar disease progression, for example. 
With access to a large number of patients in the 
database, these filters would become more and 
more selective and we would be able to test the 
effect of such filters on targeting and program-
ming accuracy.

 Conclusion

When looking at the amount of existing archives 
available, one could think that building an archive 
that can be used to store, normalize, and create 
predictive models to assist DBS care is a fairly 
simple task. A deeper analysis shows that this is 
far from true. Designing a system that can unify a 
vast range of DBS practices requires a deep 
understanding of clinical data flow and engineer-
ing algorithms and the opportunity to connect to 
proprietary software from competitive compa-
nies without defined data standards. Our attempt 
to create a system for neuromodulation and in 
particular for DBS was a crusade of 15 years of 
research at Vanderbilt University and funded by 
the NIH through 3 R01 (2R01-EB006136 and 
9R01-NS095291) and a phase I and II STTR 
(R41NS063705, 9R42MH100007). It was clini-
cally evaluated at a number of partnering institu-
tions (Ohio State University, Dr. Ali Rezai M.D.; 
the VA in Richmond, Dr. Kathryn Holloway, 
MD; Wake Forest Medical Center, Dr. Stephen 
Tatter; and Thomas Jefferson University, Dr. 
Ashwini Sharan, MD) that allowed the testing of 
the data sharing concepts among a controlled 
group of neurosurgical users who commonly per-
form DBS surgery. This allowed toolsets to be 
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developed and data compatibility to be checked 
prior to release of any commercial products. This 
inter-institutional users group has worked for the 
past 5 years to constantly improve the data 
streaming concepts and shared best practices, 
communicated with the engineering team and 
taken a visionary approach in using state-of-the- 
art image processing to guide their practice.

Disclosure Dr. D’Haese is the cofounder and sharehold-
ers of Neurotargeting, LLC. Neurotargeting has acquired 
technology developed at Vanderbilt University by Dr. 
D’Haese related to the management and processing of 
clinical data generated from neuromodulation. 
Neurotargeting’s role was to create the legal and commer-
cial framework for such a framework to be sustainable. 
While this chapter is not intended to promote any concept 
related to Neurotargeting, some of the discussion will 
mention Vanderbilt University and Neurotargeting data 
framework called CranialCloud.
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Responsive Neurostimulation

Abhijeet Gummadavelli, Imran H. Quraishi, 
and Jason L. Gerrard

 An Introduction into Responsive 
Neurostimulation

 Responsive Neurostimulation 
Introduction and History

As one of the most common neurological disor-
ders, epilepsy affects approximately 1% of the 
population. Various reports show that between 
30% and 40% of epilepsy patients will be drug- 
resistant, a statistic that has not changed signifi-
cantly despite the introduction of many new 
antiepileptic medications. Beginning with the 
reports of Sir Horsley [1], epilepsy surgery has 
provided an alternative for those with refractory 
epilepsy, offering a cure for some cases. The 
anterior medial temporal lobectomy, for exam-
ple, offers a 60–75% chance of seizure freedom 
for properly selected patients with medial tempo-
ral lobe (MTL) epilepsy. There are, however, 

inherent risks with epilepsy surgery, and surgical 
results for extra-temporal epilepsy are quite vari-
able. In some instances, resective surgery is not 
feasible due to overlap with functionally eloquent 
brain tissue and the resulting neurological deficit, 
and therefore other surgical treatment options are 
needed.

Responsive neurostimulation (RNS) benefit-
ted from serendipitous clinical observations and 
the advancement of applied technology. Direct 
application of electrical current to epileptic cor-
tex was first reported in the 1950s [2]. Targeted 
cortical stimulation arose from the standard 
clinical investigations in  localizing “eloquent” 
cortices (i.e., language, motor, sensory) in rela-
tion to the epileptogenic zone in surgical candi-
dates. As part of the evaluation, cortical and 
subcortical electrodes are placed as grids and 
strip electrodes in the subdural space or depth 
electrodes into subcortical nuclei. A phenome-
non known among clinical electrophysiologists 
was that cortical stimulation in pre-resection 
patients with brief bursts of pulse stimulations 
could stop afterdischarges within seconds [3, 4]. 
Lesser and colleagues quantified the phenome-
non after noting that in 19 patients with subdu-
ral electrodes, brief pulse stimulations (0.3–2 s 
train of 300 μs biphasic pulses at 50 Hz) were 
able to abort prolonged runs of testing stimula-
tion-induced afterdischarges; they prognosti-
cated that brief pulse stimulations may be able 
to acutely treat seizures [3].
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The use of neurostimulation for neuromodu-
lation in the treatment of neurological disorders 
is gaining significant momentum with the recent 
approval of responsive neurostimulation (RNS) 
and deep brain stimulation (DBS) for epilepsy. 
Although both RNS and DBS are neurostimula-
tion-based therapies, there are important differ-
ences between these two approaches to 
neurostimulation in the treatment of epilepsy. 
There are several theoretical mechanisms by 
which neurostimulation affects seizures and 
modulates epileptic networks. The inhibitory 
hypothesis proposes that neurostimulation 
causes preferential release of inhibitory neu-
rotransmitters. Depolarization blockade is the 
hypothesis of the “reversible lesion” approach, 
in which high- frequency stimulation is presumed 
to inactivate neurons in the vicinity of the elec-
trode by over- depolarization and failure of volt-
age-gated ion channels. This “reversible lesion” 
concept was utilized in the development of DBS 
for movement disorders. Synaptic inhibition and 
synaptic depression refer to the presumed effects 
caused by stimulation-induced depolarization of 
the distal axon and depletion of neurotransmit-
ters at the axon terminal. In addition, there are 
slower mechanisms, involving changes in tran-
scription, proteins, and neurotrophic factors that 
influence network activity over longer time 
scales.

In general, there are two mechanistic 
approaches to neuromodulation for network dis-
orders such as epilepsy: network modulation and 
onset disruption. The first is a “network approach” 
in which the neurostimulation is designed to treat 
a particular neurological disorder by overall 
modulation of a network through either nodal 
modulation (i.e., depolarization blockade), mod-
ulatory effects on fibers of passage, or longer- 
term changes in the network. The second 
mechanism involves disruption of a periodic 
abnormal resonance or synchrony, most com-
monly via bursts of high-frequency stimulation. 
Responsive neurostimulation technique utilizes 
the onset disruption approach to treatment. This 
approach was translated from the cardiac field 
with the success of implanted cardiac monitors 
and defibrillators. Similarly, the RNS device is 

designed to continuously monitor intracranial 
EEG (icEEG) activity and then rapidly respond 
with high-frequency neurostimulation designed 
to “disrupt” the network synchrony required for 
seizure progression and propagation. From this 
concept and early data suggesting that neurostim-
ulation in humans can be antiepileptic [5], the 
concept of using electrical stimulation to disrupt 
seizure formation and propagation evolved into 
studies in the epilepsy monitoring unit. Lesser 
and colleagues showed that brief bursts of stimu-
lation could shorten or terminate afterdischarges 
in patients with intracranial electrodes [3, 6] dur-
ing intracranial recording sessions. Additional 
work suggested that responsive stimulation sup-
pressed spontaneous seizures in mice [7] and cats 
[8]. The next logical step included small pilot tri-
als of responsive stimulation for seizures in the 
epilepsy monitoring unit. In a small series, Peters 
et  al. [9] utilized a bedside external system to 
detect seizures in the EMU and then deliver short 
bursts of computer-controlled responsive stimu-
lation to terminate seizures in eight patients [10]. 
An additional open trial in patients with intracra-
nial electrodes implanted for localization of sei-
zure and functional tissue utilized responsive 
stimulation triggered by a detection algorithm to 
disrupt the detected seizure [11]. They reported 
that responsive cortical stimulation suppressed 
electrographic seizures in the four reported 
patients.

From these and other data, the potential utility 
of seizure detection and responsive neurostimu-
lation was recognized, and a multicenter pivotal 
trial to show safety and efficacy was designed 
utilizing the NeuroPace responsive neurostimula-
tion (RNS) device [12]. A total of 191 patients 
with medically refractory partial-onset epilepsy 
were enrolled and randomized to either stimula-
tion or control groups for the blinded evaluation 
phase. Following surgical implantation, all 
patients had a 1-month recovery period and 
1 month of recordings to set the detection algo-
rithm. Next, all patients were studied during the 
3-month blinded period with patients randomized 
in equal number to stimulation on or off. This 
3-month blinded period was followed by open- 
label and long-term evaluation that continued for 
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several years. Electrode arrays consisting of 
 four-contact strips or depth electrodes were 
placed into the seizure-onset zone(s), and an 
array of tools were available for the detection of 
abnormal electrographic activity. The resulting 
current-controlled biphasic stimulation could be 
adjusted to include desired electrode contacts 
with frequency range of 1–333 Hz, current rang-
ing from 1 to 12 mA and pulse widths between 40 
and 1000 μs.

The results of this RNS pivotal trial were 
published in 2011 [12], and since then longer-
term follow-up studies have also been reported, 
showing continued improvement in seizure 
reduction outcomes [13, 14]. In the blinded, 
randomized, and controlled portion of the piv-
otal study, patients in the treatment arm showed 
a 37.9% decrease overall during the entire 
blinded period versus a 17.2% decrease in 
the control arm. During the final month of the 
blinded period, patients in the study arm showed 
a 41.5% decrease in seizures, while the control 
group reported a 9.4% decrease as the control 
group drifted back to their pre-op baseline [12] 
(Fig. 12.1).

Overall, there was a significant difference in 
the decrease in seizures in the treatment group 
versus the sham group (p = 0.012). In the treat-
ment group (blue), seizure rate continued to 
decrease during the 3-month blinded period.  

In the sham group, there was an initial decline in 
seizures, likely from the implant effect which is 
well known in movement disorder surgery, that 
moved back toward baseline seizure frequency 
during the 3-month blinded period. By the final 
month, the treatment group showed a 41.5% 
decrease, while the sham groups showed only a 
9.4% decrease in seizure frequency.

During the long-term open-label portion, 
patients in the study showed a median decrease in 
seizures of 44% at 1 year and 53% at 2 years. At 
2 years, the majority (55%) of patients showed a 
meaningful improvement in seizures (≥50%) and 
were labeled as responders [13]. This trend of con-
tinued improvement over time continued during 
the remainder of the long-term follow-up period. 
The results of the pivotal trial and long-term open- 
label follow-up lead to approval of the NeuroPace 
RNS device by the US Food and Drug 
Administration in November of 2013. More 
recently, the long-term outcomes were reported 
showing the responder rate at 57.9% at 3  years, 
60.8% at year 4, and 61% at year 5 [14]. The RNS 
system has rapidly become a mainstay in the treat-
ment of medication refractory complex partial epi-
lepsy with two or fewer identified onset zones. As 
the first FDA-approved closed-loop neuromodula-
tory device, the RNS system has provided a new 
treatment option for patients and new insight from 
chronic intracranial LFP recordings.

RNS pivotal trial: primary effectiveness
endpoint

Entire blinded
evaluation

period

Post-op month of blinded evaluation period

Treatment Sham

MonthSham

3 4 5 3 4 5

–9.4%

–17.2%

–25.2%

–41.5%
–38.1%

–34.2%

–17.3%

–37.9%

–50%
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–30%

–10%

0%

–20%
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%
Change in
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P = 0.012

Fig. 12.1 Results of 
RNS® System Pivotal 
Study (Morrell et al. 
[12]). (© 2011 
NeuroPace, Inc. Image 
used with permission 
from NeuroPace, Inc.)
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 Comparison to Other Forms 
of Neurostimulation for Epilepsy

In the United States, there are now three FDA- 
approved neurostimulation options for the treat-
ment of epilepsy. Vagus nerve stimulation (VNS) 
has been available the longest and is the only 
extracranial option. The mechanism of this form 
of stimulation is not clear. The majority of vagus 
nerve fibers are afferents including visceral sen-
sory information with cell bodies near the jugular 
foramen. Afferents bifurcate in the medulla and 
synapse in the bilateral nucleus solitarius. There 
are widespread projections from the nucleus soli-
tarius to the reticular formation, pons, midbrain, 
cerebellum, thalamus, and hypothalamus. VNS 
increases activity in these projection pathways 
[15]. The idea that it could inhibit hypersynchro-
nous discharges was proposed in the 1980s [16] 
and was later supported in animal models with 
acute abortive effects on seizures and short-term 
prophylactic effects [17], as well as a chronic 
progressive prophylactic (neuromodulatory) 
effect [18]. In the first human trials, no effect was 
seen on interictal discharges, but the stimulator 
was observed in some cases to abort seizures 
[19]. In another case, hippocampal spiking was 
seen to decrease with 30 Hz vagus nerve stimula-
tion [20], although the effect size was small.

The first randomized controlled trial included 
114 patients with focal epilepsy and a median of 
0.7 seizures per day [21]. There was, however, no 
true negative control in which no stimulation was 
delivered. Patients were randomized to either high 
or low stimulation settings. Seizure reduction was 
24.5% in the high-stimulation group versus 6.1% 
in the low-stimulation group (p = 0.01). Fifty per-
cent or greater response rates were seen in 31% of 
patients receiving high-stimulation and 6% of the 
low-stimulation group (p = 0.02), respectively. A 
second study was done on 196 patients with fewer 
seizures (6/month), again with an active control. 
Seizure reduction was observed to be 28% in the 
high-stimulation versus 15% reduction in the low-
stimulation group (p  =  0.04), respectively. 
Multiple long-term follow-up studies have shown 
a cumulative effect [22]. Seizure reduction was 
reportedly increased annually over about 7 years 
before reaching a plateau.

The second form of stimulation that was devel-
oped for epilepsy (though the third to be approved 
in the United States) was thalamic deep brain stim-
ulation (DBS). As with VNS, the idea was to target 
a nucleus that would affect large regions of the 
brain rather than relying on the precise localization 
of seizure onset zones. Two nuclei have been stud-
ied in detail for this purpose. The centromedian 
nucleus of the thalamus (CMT) is an intralaminar 
nucleus involved in attention and arousal and 
receives fibers from widespread cortical regions 
and the reticular formation among other areas. 
Stimulation of this nucleus was shown to treat 
interictal discharges [23]. In early small trials, an 
external CMT stimulator was demonstrated to 
reduce tonic-clonic seizures by 80–100% and 
focal impaired awareness seizures by 60–100% by 
seizure diaries. These results have not been vali-
dated in larger controlled trials to date.

The second nucleus that was evaluated (simul-
taneously by other groups [24]) was the anterior 
nucleus of the thalamus (ANT), which forms a 
node of the limbic network including the hippo-
campus, often implicated in focal seizures. In an 
early attempt, stimulation of the anterior nucleus 
produced a reduction of seizures in four out of six 
patients [25]. The ANT was selected for more 
widespread commercialization and tested with 
the Stimulus of the Anterior Nucleus of the 
Thalamus in Epilepsy (SANTE) trial, in which 
patients with focal epilepsy with or without focal 
to bilateral tonic-clonic seizures were blinded to 
have stimulation either on or off for 3  months 
after implantation [26]. The primary efficacy 
measure was a reduction in seizures in the active 
group in the blinded phase. Both groups had a 
reduction in seizure frequency (21–22%) in the 
postoperative phase that has been termed an 
implant effect. In the blinded phase, there was no 
statistically significant difference in overall sei-
zures, though there was a reduction in the pre-
specified “most severe” seizures (40% vs. 20%, 
p  <  0.05) and in seizure injuries (26% vs. 7%, 
p  =  0.01), and the difference between groups 
appeared to have been blunted by the implant 
effect, such that it was more obvious in the final 
month of the blinded phase. Long-term response 
rates have been better; by 3 years post-implanta-
tion, 67% of patients (N = 42, from an initial 108 
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patients) had a 50% or greater improvement in 
seizures. Potential side effects noted in the early 
trial included depression and memory impair-
ment, but further longer- term evaluation of the 
cohort did not support a significant change in 
either memory or depression scores.

In contrast to these other modalities, the cur-
rent responsive neurostimulation system offers 
some unique benefits and also challenges, as 
 outlined in the rest of this chapter. One benefit is 
that stimulation is responsive; in their current 
incarnations, VNS (with a minor exception of 
tachycardia-based activation) and DBS use 
chronic stimulation that does not change in 
response to epileptiform activity. Another benefit 
is the availability of electrocortigraphy, which 
can be used to tailor stimulation and also to mon-
itor response to stimulation or other therapies. A 
limitation is the need for accurate seizure onset 
localization [27]. Most of these patients will 
undergo intracranial EEG prior to implantation 
of the RNS system. Another limitation is the 
effort required in programming and long-term 
follow- up, which vastly exceeds that in the other 
available modalities.

 RNS Hardware

RNS hardware consists of (1) an implanted stim-
ulator with an on-board computer and (2) one or 
two electrode arrays consisting of either a subdu-
ral strip array or intracranial depth electrode 
array. Each electrode array typically has four 
contacts. The stimulator sits within a “ferrule” or 
housing that is placed within a designed craniec-
tomy and screwed to the skull. As will be later 
described in the surgical procedure, after lead 
implantation, a precise craniectomy is performed 
to fit the ferrule. It is attached to the skull with 
four microscrews. The RNS system allows a few 
electrode array configurations, each array having 
four electrode contacts in either a strip or depth 
electrode array. The strip electrode arrays all 
come with the standard circular electrodes with 
1 cm spacing between each of the electrode con-
tacts. The strip arrays come with 15, 25, or 35 cm 
of lead wire connected to the strip. The depth 

electrode arrays also have four electrode contacts 
with two spacing configurations. The electrode 
contacts on the depth array are cylindrical rather 
than circular and have a smaller surface area. 
Depth electrode arrays are available with either 
3.5  mm electrode spacing for more compact 
structures or 10  mm spacing between the elec-
trode contacts. Each variety comes with either 30 
or 44 cm in total length depending on the length 
of wire desired to connect to the RNS device 
(Fig. 12.2).

 Advantages of the RNS System Other 
than Treatment of Seizures

The RNS system has been shown to be a safe and 
effective therapeutic system for the treatment of 
medication refractory complex partial epilepsy 
through the RNS pivotal trial [12] and long-term 
open-label follow-up [13, 14]. It is FDA approved 
for the treatment of adults with partial-onset 
medication refractory seizures. The device can be 
connected to two electrode arrays through which 
it monitors intracranial EEG (icEEG), stores 

Depth lead

Cortical strip lead

Neurostimulator

Connector cover

Lead strain relief

Fig. 12.2 The RNS® System Implantable Hardware. The 
RNS System includes the RNS® Neurostimulator, the con-
nector cover, and lead strain relief cover. The neurostimu-
lator can be connected to two electrode arrays/leads. Here, 
it is shown with one cortical strip array/lead and one depth 
electrode array/lead. Note that each array/lead has four 
electrode contacts. (© 2019 NeuroPace, Inc. Image used 
with permission from NeuroPace, Inc.)
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 episodes of icEEG data from detections and 
planned electrocortigrams (ECoGs), and delivers 
brief neurostimulation in response to epilepti-
form detections. The parameters of the detec-
tions, recordings, and stimulation are individually 
set for each patient by their epileptologist. In 
addition to the documented therapeutic effects, 
the growing use of the RNS product has led to 
large datasets of long-term ECoG segments dur-
ing scheduled ECoG storage and device detec-
tions. These data have fueled what the senior 
author has termed the ECoG Revolution, which 
has led to several new lines of investigation that 
are validating additional advantages of the RNS 
system. The most obvious of these is the ability 
to more objectively evaluate the number of sei-
zures or seizure-like events experienced by 
patients with epilepsy. Although objective studies 
have shown that epilepsy patient diaries are not 
reliable [28, 29] to capture accurate seizure fre-
quency reporting, the patient-reported seizure 
diary continues to be the cornerstone for con-
trolled trials on epilepsy treatments. For the first 
time, the RNS system has provided long-term 
ECoGs that provide objective data on the fre-
quency and duration of epileptiform activity, 
including seizures. These data are now being uti-
lized for a variety of treatment modifications that 
can benefit therapy.

The acquisition of long-term ECoG data from 
patients with implanted RNS systems has led to 
publications on seizure patterns, prediction of 
response to antiepileptic medications, and sei-
zure warning systems. Reviewing over the long- 
term data from RNS patients has identified clear, 
slow periodicities in seizure occurrence such as 
circadian, catamenial, and ultradian rhythms. As 
suggested in some prior publications [30–32], 
long-term ECoGs from the RNS system have 
shown that the majority of patients with partial 
epilepsy have a circadian periodicity in their epi-
leptiform activity (63/65 subjects) [33]. This cir-
cadian periodicity could potentially be utilized to 
tailor the timing of treatment in individual 
patients. The periodicity of seizures in patients 
with partial epilepsy is further supported by data 
from patients with another long-term implanted 
device designed for seizure prediction 

(NeuroVista, Melbourne, VIC, Australia). Data 
reported from patients implanted with the 
NeuroVista device also show circadian, diurnal, 
and longer periodicities in seizure activity [34]. 
The circadian periodicity of seizures has been 
fairly well known in epilepsy and previously 
reported and now additionally substantiated by 
RNS ECoGs. The presence of longer periodici-
ties, however, was reported more recently in a 
multicenter study of seizure patterns in 37 
patients with long-term ECoGs recorded from 
their RNS system. Baud et al. [35] confirmed the 
known circadian rhythms previously reported 
and also showed much slower, multi-day (termed 
infradian or multidien) rhythms that vary across 
subjects but are relatively stable for individual 
patients. The long-term ECoGs from the RNS 
system are leading to the ability to recognize sta-
ble periodicities in a patient’s epileptic activity 
and the potential to better predict seizure activity 
and tailor individual therapies.

The customization of medication therapies is 
another good example of the use of these chronic 
RNS ECoGs. The circadian, diurnal, and slower 
periodicities in an individual patient’s epilepsy 
can be utilized for customization of their medica-
tion treatment program, with “rescue” drugs 
added into periods of high seizure probability. In 
addition, it has recently been reported that in 
patients with RNS and established detection set-
tings, changes in the RNS detections especially 
the long episodes (detections lasting for a pre-
specified duration, typically around 30 seconds) 
can predict the effectiveness of a newly intro-
duced antiseizure medication within 1–2 weeks 
[36, 37]. These promising data suggest that the 
chronic ECoGs from RNS can also help to iden-
tify the efficacy of medication changes in a short 
period of time, allowing providers to quickly cus-
tomize the patient’s medication therapy and elim-
inate long trial periods of medications that are not 
effective for that individual.

Additionally, the chronic RNS ECoG record-
ings can also be utilized to assist in seizure-onset 
lateralization and onset zone prioritization. One 
group of patients who are excellent candidates 
for the RNS system are those with bitemporal 
epilepsy, that is, patients with bilateral medial 
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temporal lobe (MTL) seizure onset. Although 
some temporal lobe epilepsy patients are clearly 
bitemporal on scalp EEG, this is most commonly 
established with intracranial monitoring includ-
ing the placement of intracranial electrodes into 
the bilateral medial temporal lobe structures in 
addition to other cortical and subcortical loca-
tions. Patients with bitemporal epilepsy are often 
poor candidates for surgical resection, especially 
in cases when the most common onset zone 
involves the dominant medial temporal struc-
tures. Bilateral temporal resections are not per-
formed due to the high likelihood of memory and 
cognitive impairment [38]. In patients with 
bitemporal epilepsy, bilateral longitudinal MTL 
electrodes are commonly placed with connection 
to the RNS device (see Fig.  12.5). For many 
years, epilepsy centers have wondered if patients 
who are found to have bilateral MTL onset dur-
ing the limited intracranial monitoring session 
are truly bitemporal in onset or if one MTL is 
significantly more crucial in the patient’s sei-
zures. The present-day intracranial study has sig-
nificant limitations that may affect the seizures 
recorded, which themselves can be limited in 
number. Patients are most often confined to bed 
and any movement out of bed must be controlled 
and supervised. The time frame of intracranial 
studies is constrained and is most often kept as 
short as possible while still obtaining the perti-
nent information needed to localize seizure-onset 
zone(s) and map functional cortex. To this end, 
the patient’s antiepileptic medications are rapidly 
weaned off and sometimes additional measures 
are taken to promote seizure activity during the 
intracranial study if necessary. Some groups will 
also include electrical stimulation to induce sei-
zure activity during the intracranial study. 
Recently, long-term ambulatory ECoGs obtained 
from patients with RNS showed that 84% of 
patients believed to have bilateral MTL epilepsy 
were found to have independent bilateral MTL 
electrographic seizures [39]. Sixteen percent of 
the patients had only unilateral electrographic 
seizures recorded after an average of more than 
4  years of intracranial recordings. The average 
time to record bilateral electrographic seizures in 
the home, ambulatory setting was 41.6 days [39], 

much longer than intracranial studies are per-
formed. Those patients with proven unilateral 
electrographic onset could then go onto resection 
if this was deemed appropriate.

There are also reports of using these long-term 
ECoGs for seizure-onset localization from 
patients with extra-temporal epilepsy, although 
these reports are not systematic but typically case 
reports [40]. Some of these patients had two 
seizure- onset zones identified during their intra-
cranial study and had RNS electrodes implanted 
in both onset zones. There are now several reports 
of the long-term ambulatory ECoGs from an RNS 
device leading to targeted resection after months 
or years of intracranial recordings showing a cru-
cial or dominant onset zone that is resectable [40].

Finally, the availability of long-term ambula-
tory ECoGs from electrodes permanently 
implanted in seizure-onset regions creates the 
potential to warn patients about seizures and even 
predict seizure events. We discussed the recogni-
tion of patient-specific slow periodicities in sei-
zure events using the aforementioned RNS 
system. The identification of an individualized 
periodicity provides vital information for seizure 
prediction algorithms. These data, combined with 
additional information, may lead to predication 
methods that are accurate enough to be useful for 
assisting patients with epilepsy. Additionally, the 
RNS system might be utilized to warn patients 
about impeding seizures. In many, but not all, 
patients a stimulation paradigm can be identified 
that illicts a reliable “sensation” for the patient 
[93]. The sensation can vary from referred dural 
discomfort to aura-like sensations. There are trials 
underway to utilize such stimulation paradigms 
during the fifth and final detection of the RNS sys-
tem to warn epilepsy patients. The sensation illic-
ited by this fifth detection can warn patients that 
they are about to experience a seizure event.

 Network-Based Targeting

Unlike traditional “open-loop” continuously 
delivered stimulation, responsive neurostimula-
tion (RNS) is intermittent and reactive to a 
pathology-specific biomarker. Placement of RNS 
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electrodes in the pathologic neural circuit, most 
commonly directly at the site of pathology onset, 
is critical in its function to modulate the severity 
of disease. In these sections, we will discuss the 
network-based pathologies for which RNS has 
been applied, mostly widely in medically refrac-
tory epilepsy as discussed previously. Few cases 
of RNS for other indications (usually those that 
are currently treated with deep brain stimulation) 
have been investigated [41], such as closed-loop 
deep-brain stimulation paradigms in Parkinson 
disorder [42] or neuropsychiatric disorders [43, 
44], thalamic responsive stimulation in a patient 
with Tourette syndrome [45], responsive spinal 
stimulation based on body position for chronic 
pain patients [46], and status epilepticus [47].

 Theory of Seizure Genesis

To understand the biophysics of why RNS can 
be useful in epilepsy, it is first necessary to dis-
cuss the current theories of seizure generation. 
The prevailing concept in seizure genesis 
assumed an imbalance between excitation and 
inhibition, and specifically “runaway” excita-
tion. A crucial addition to this paradigm came 
with the “network theory” of epilepsies which 
suggested that network hypersynchrony resulted 
in seizure generation and propagation [48–50]. 
Aberrant network properties in a number of cir-
cumstances (an aberrant node in a circuit, an 
aberrant pathway, combined nodal and pathway 
aberrance, or emergent aberrance from structural 
abnormality) result in a pathogenic seizure-gen-
erating network [51]. A single or multiple such 
networks may exist in a single patient; moreover, 
these networks may be dynamic during the dura-
tion of the patient’s epilepsy to generate multiple 
independent seizure- onset foci [52, 53]. The 
phenotypic expression of a seizure (its semiol-
ogy is the specific instance of network aber-
rance) is defined by its onset within the 
seizure-generating network and its subsequent 
variable propagation [48].

Several human and animal studies have used 
electrophysiological (scalp EEG, intracranial 
EEG, MEG, synchrony), metabolic neuroimag-

ing (fMRI, PET, SPECT, functional connectiv-
ity), and structural neuroimaging (diffusion 
tensor imaging, anatomic connectivity) measures 
to identify ictal and interictal properties of sei-
zure networks (reviewed in Spencer et  al. [51]) 
[54, 55]. It is increasingly being found that indi-
vidualized modeling of patient data can recreate 
previously empirically observed networks [56]. 
Manual and automated classifications of func-
tional connectivity in epilepsy patients have 
helped identify these networks from intracranial 
EEG [57] and resting-state functional MRI data 
[58]. Some distributed brain networks that have 
been commonly implicated in epilepsies are 
listed in Table 12.1.

 Differences in Seizure Patterns  
Based on Onset

The current state of responsive neurostimulation 
in epilepsies is limited by its indication for focal 
onset with or without generalization; thus, it 
needs adequate localization for its use. It thereby 

Table 12.1 Five commonly identified network patterns 
in patients with focal and generalized epilepsies

Network Anatomy References
1.  Limbic–frontal 

network
Bilateral hippocampi, 
amygdalae, 
entorhinal cortex, 
lateral temporal 
cortex, anterior and 
medial thalamus, 
cingulate cortex, 
inferior frontal lobes

[48, 56]

2.  Occipi-
totemporal 
network

Lateral temporal 
cortex, medial 
occipital cortex

[48]

3.  Parietal–frontal 
network

Superior parietal 
lobule, medial frontal 
cortex

[48]

4.  Parietotemporal 
network

Parietal cortex, 
medial temporal 
cortex

[48]

5.  Frontal–
subcortical 
network

Bifrontal cortex, 
pons, subthalamic 
nucleus

[48]

While an individual patient’s seizure-generating network 
is unique, clinical and electrophysiological observations 
can identify common networks and suggest targets for 
intervention
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fits within the maxim of “thinking globally while 
acting locally”; the sensing and/or stimulating 
electrodes are placed in the epileptic zone to dis-
rupt the seizure-onset pattern (SOP) before it can 
propagate to the seizure-generating network. For 
some patients with temporal lobe epilepsy, 
whether they are poor candidates for invasive 
surgery, have localization to dominant temporal 
lobe, or have bilateral temporal lobe localiza-
tion, RNS with rostrally directed depth elec-
trodes that traverse the long axis of the 
hippocampi, or a temporal strip electrode that 
follows the parahippocampal gyrus may be ther-
apeutically beneficial. RNS can also be used for 
seizures originating from a neocortical focus. 
This is particularly relevant when the seizure-
onset focus is in eloquent cortex; up to two-
thirds of patients undergoing focal resection in 
extra-temporal cortex have increased neurologi-
cal deficits [59]. In this case, subdural strip elec-
trodes or cortical depth electrodes over the 
neocortical focus can sense onset of the seizure 
and also used for stimulation designed to disrupt 
seizure propagation. As will be discussed fur-
ther, in multifocal seizures, RNS in central nodes 
of distributed circuits, such as in the anterior 
thalamus [60] or centromedian thalamus (dis-
cussed later), have been attempted.

The electrographic seizure pattern (ESP) also 
termed ictal onset pattern (IOP) or seizure onset 
pattern (SOP) that is to be disrupted can vary 
between patients and by seizure-onset regions. 
The power–frequency or time–frequency spec-
trum of ESPs can be characteristic of seizure 
onset and be characteristic to onset location or 
pathology. For example, mesial temporal onset of 
seizures is associated with low-frequency high- 
amplitude repetitive spiking (LFRS; sometimes 
termed periodic spikes), while neocortical onset 
zones are typically associated with a low-voltage 
fast activity (LVFA) pattern [61]. Seizure onsets 
in focal cortical dysplasia often display poly-
spikes followed by LVFA while seizures initiated 
in malformations of cortical development with 
LVFA alone [62]. High-frequency oscillations 
(HFOs) are noted to accompany a number of dif-
ferent seizure onset patterns [63]. An important 
conclusion drawn by the shared electrographic 

patterns observed again strongly suggests shared 
focal and distributed networks that are subsumed 
by the ictal pathology.

 Mechanism of RNS

The fundamental mechanistic difference of 
responsive neurostimulation is that it is a “closed- 
loop” system; “algorithmic interpretation of elec-
trocorticographic signal results in direct electrical 
stimulation.” Bursts of high-frequency electrical 
stimulation in a variety of cortical and subcortical 
structures has been proposed to disrupt seizures 
during propagation [3, 4]. The exact mechanism 
of this disruption by high-frequency burst stimu-
lation remains an area of active investigation. 
Empirical observations have noted direct and 
indirect effects of stimulation. High-frequency 
responsive electrical stimulation has been 
observed to have an acute and direct local inhibi-
tory effect in an epileptogenic zone by modula-
tion of the spectral content of the SOP, as well as 
indirect amplitude attenuation and frequency 
modulation of the seizure onset pattern [2, 3, 64–
68]. Hypothesized mechanisms of acute electri-
cal stimulation are varied and informed by the 
literature attempting to understand deep brain 
stimulation; effects could be dependent on the 
local composition of the target of stimulation. (1) 
Inhibitory effects could be from depolarization 
blockade with high extracellular potassium con-
centration or inactivation of voltage-gated cur-
rents. (2) Inhibitory or excitatory end effects due 
to synaptic inhibition or excitation by antidromic 
and/or orthodromic axonal depolarization; ortho-
dromic axonal activation could also lead to syn-
aptic depression by neurotransmitter depletion. 
(3) Network modulation or desynchronization 
blocks “abnormal” flow of information [69, 70]. 
The described direct inhibitory mechanisms of 
stimulation do not however explain the indirect 
effects of seizure reduction well beyond the 
period immediately following responsive neuro-
stimulation. Long-term network effects may be 
linked to neurotrophic factor expression changes 
in the local target of stimulation as well as the 
brain regions to which it projects [64]. A notable 
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feature of outcomes in patients implanted with 
responsive neurostimulators that may give insight 
into the mechanism, as discussed subsequently, is 
that seizure frequency reduction improves with 
duration of responsive stimulation [13].

The detection of the seizure occurs with a 
measurement of voltage at a specific seizure- 
onset area. That signal is used to train the RNS 
algorithms to determine what voltage patterns 
define a patient’s epileptiform activity/seizure at 
that detector site. With clinician-set parameters, 
the RNS system can deliver a biphasic (charge- 
balanced) stimulation (1–333  Hz; 1–12  mA; 
40–1000 μs pulse width). The specifics of param-
eter modification in relation to clinical judgment 
will be discussed later. An interesting and impor-
tant factor to consider is the inflammatory reac-
tion surrounding the detector/stimulation 
electrodes that can affect its electrical properties; 
reactive gliosis surrounding the electrode occurs 
within weeks of implantation and may alter elec-
trode impedance, which typically stabilizes by 
1 year post-implantation [71].

 Responsive Neurostimulation (RNS) 
Device and Initial Outcomes

 Device Hardware

As listed previously, the components of respon-
sive neurostimulation devices consist of record-
ing/detection electrodes placed at the 
seizure-onset site(s), a programmable neurostim-
ulator equipped with algorithms to identify elec-
trographic markers of seizures and several 
stimulation paradigms, stimulation electrodes 
that target the seizure-onset site or a node within 
the seizure circuit, and a wireless programming 
wand. Electrodes may be subdural strip elec-
trodes or cortical/subcortical depth electrodes. 
The stimulator device contains a battery, the 
onboard computer that stores data, contains the 
algorithms for detection, and stores stimulation 
paradigms, and a radio-frequency transmitter/
receiver for interrogation/programming with the 
wireless wand. Responsive cortical and subcorti-
cal neurostimulation was initially designed and 

tested with the RNS© System (NeuroPace, 
Mountain View, CA). While initial studies of 
RNS were performed with external responsive 
neurostimulators [11], the RNS System (leads 
and stimulator) is internalized at the time of 
implantation; the leads are targeted intracranially 
in patient-specific manner and the stimulator is 
placed in a fitted craniectomy. The current RNS 
System is capable of detecting and/or stimulating 
from one to two electrode arrays for a total of 
four bipolar recording channels. It is predicted, 
however, that future iterations will likely increase 
the electrode number. To date, the RNS© System 
is the only FDA-approved responsive stimulation 
device available for clinical use, although other 
conceptually similar responsive devices are 
undergoing clinical trial testing; RNS is approved 
for focal-onset (1–2 foci) medically refractory 
epilepsy. Few studies have considered the long- 
term effects of chronically implanted responsive 
neurostimulation electrodes. It has been found 
that with the RNS© System electrodes, there may 
be some short-term variance of impedence, long- 
term (over 1 year) impendence was stable both 
for depth electrodes and subdural electrodes [71, 
72]. The RNS device originally required replace-
ment for low battery every 3–5 years. Recently, 
an updated model was released with a reported 
doubling of the battery life and data storage capa-
bilities. As in DBS, there are a variety of factors 
affecting battery life including frequency of ther-
apies, stimulation intensity, electrode impedance, 
and capacitor mode. Reports vary on the rates of 
infection after replacement of the cranial stimula-
tor from 3.7% to 10% [73, 74]. Infection is an 
important issue as it most commonly mandates 
removal of all cranially and intracranially 
implanted hardware, which is often difficult.

 Initial Trials of RNS in Epilepsy

The primary 2-year open-label safety study that 
included 65 patients (“feasibility” trial) was 
deemed successful for delivering safe and effec-
tive therapy [75, 76]. Adult patients (18–65 years 
old) with simple partial, complex partial, or gen-
eralized tonic-clonic seizures were implanted, 
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targeting the seizure focus. They found that 
median reduction in seizure frequency in the pri-
mary evaluation period was greatest for GTC 
(59%) and 27% for CPS; there was also a signifi-
cant decrease (29%) of total disabling seizures 
(p < 0.0001). In the secondary evaluation period, 
the median seizure reduction was 66% for GTC 
and 34% for CPS; total disabling seizures 
decreased by 35% [76].

The first randomized controlled trial with 
RNS system (“pivotal” trial) assessed safety and 
efficacy. Two hundred forty adults (18–70 years 
old) with partial seizures and failed 2 or more 
antiseizure medications and suspected to have 
1–2 sites of seizure onset were recruited. One 
hundred ninety-one adults were implanted and 
allowed 1 month to recover. Then they were ran-
domized to have responsive stimulation or sham 
stimulation, with no significant differences in 
age, gender, number of antiseizure medications, 
number of seizures per day, temporal lobe onset, 
multifocal onset, prior epilepsy surgery, or prior 
intracranial electrocorticography. Outcomes 
were assessed in two time frames: a 12-week 
blinded period and an 84-week open-label period. 
During the randomized period, 96 of 97 patients 
completed responsive stimulation and 93 of 94 
patients completed sham stimulation. In the 
84-week open-label responsive stimulation 
period, 176 of the 187 patients had completed or 
were yet to complete responsive stimulation. This 
first study showed that the mean seizure fre-
quency was reduced in all patients (prior to ran-
domization) compared to baseline, suggesting an 
effect of implantation; this has been noted in 
anterior thalamic deep brain stimulation for 
refractory epilepsy as well [26]. Across the entire 
blinded period, the mean seizure frequency was 
significantly reduced in the responsive stimula-
tion group by 37.9% compared to 17.3% in the 
sham stimulation group. Importantly, this reduc-
tion remained significant when adjusted for 
seizure- onset site, multifocality, or prior surgical 
treatment. In the blinded period, patients with 
responsive stimulation also had 11% more 
seizure- free days (27% in responsive stimulation 
group vs. 16% in sham group). Interestingly, 
quality of life measures (QOLIE-89) were sig-

nificantly improved in all patients, both in the 
blinded period and the open-label period.

The initial study reported a significant adverse 
event rate of 12% in 28 days postoperatively and 
18.3% in 84  days postoperatively. Six patients 
died, four of which were attributed to sudden 
unexplained death in epilepsy (SUDEP). Specific 
reported rates included intracranial hemorrhages 
4.7% (9 patients) and implant-related or surgical- 
site infection 5.2% (10 patients).

Long-term outcomes of patients implanted in 
the feasibility and pivotal trials were assessed, 
including 191 patients and mean follow-up of 
5.4  years. Long-term seizure reduction rates at 
the beginning of years 3–6 were 60%, 63%, 
65.5%, and 65.7%, respectively. Eighty-four per-
cent of patients showed some improvement in 
seizure frequency; 60% had seizure frequency 
reduction by greater than one-half; 12.9% of 
patients had at least 1 period of seizure freedom 
lasting ≥1 year. The most recent 9-year follow-
 up shows a median of 67.2% seizure reduction 
across 230 patients; one-third of patients achieved 
over 90% seizure frequency reduction in their 
most recent 3-month period [77].

 RNS Efficacy and Onset Site

RNS appears to be effective for focal epilepsy 
regardless of the onset lobe. As discussed earlier, 
the most common sites of RNS placement include 
temporal lobe structures (including hippocam-
pus) and neocortical targets. Less commonly the 
insula or other subcortical structures shown to be 
central nodes in a distributed seizure-generating 
network. Recently, targeting has included the 
thalamus in some patients. When subgroup anal-
ysis was done specifically on patients with mesial 
temporal lobe epilepsy, the median seizure reduc-
tion was 70% over 6 years of follow-up; 15% of 
patients had at least 1 period of seizure freedom 
lasting ≥1 year [78]. Interestingly, lead precision 
did not seem to affect efficacy; effective leads 
were found in hippocampal and parahippocampal 
tissue on postoperative imaging. A prospective 
randomized controlled trial of 126 patients, 
pooled from the feasibility and pivotal trials 
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(described earlier), with partial seizures originat-
ing from a neocortical onset trialed with the 
NeuroPace RNS System found that the median 
seizure reduction rates for frontal/parietal, tem-
poral, and multi-lobar onsets were 70%, 58%, 
and 51%, respectively [59]. Responsive insular 
cortical stimulation shows 50–75% seizure fre-
quency reduction [79].

 RNS and SUDEP

Sudden unexplained death in epilepsy (SUDEP) 
is a significant cause of epilepsy-related mortal-
ity, particularly in patients with medically refrac-
tory seizures [80]; however, the underlying and 
likely heterogenous mechanisms are still 
unknown. By its nature, the continuously record-
ing responsive neurostimulators electrodes 
might become important tools to evaluate poten-
tial mechanisms of SUDEP and efficacy of sei-
zure reduction on SUDEP risk. In one study 
considering 707 patients implanted with the 
RNS device, 7 SUDEP events were identified (2 
possible, 1 probable, 4 definite), 3/7 had a >50% 
seizure reduction in the 3  months prior to 
SUDEP, and 2/7 had the RNS disabled at time of 
SUDEP [80]. Notably, 3 of the 5 definite or 
probable cases of SUDEP had increased epilep-
tiform activity on the responsive neurostimulator 
electrodes just prior to death; however, 1 patient 
with SUDEP did not have any epileptiform 
activity on RNS electrodes near the time of death 
[80]. Responsive neurostimulation, by decreas-
ing seizure frequency, is suggested to confer 
decreased SUDEP rate (2/1000 patient-stimula-
tion years, CI 0.7–5.2) [80] compared to medica-
tion (6.1/1000 patient years, CI 3.3–10.3) [81] or 
patients that underwent epilepsy surgery but 
with recurrent seizures (6.3/1000 patient years, 
CI 3.0–11.6) [82].

 Neuropsychiatric Outcomes with RNS

Neuropsychological testing holds a crucial role in 
evaluation of patients suffering epilepsy, espe-
cially because many psychiatric diseases are 

comorbid with epilepsy. The pathophysiological 
relationship is unclear, but overlapping network 
associations have been hypothesized [51]. 
Neuropsychological evaluation data through 
2 years of responsive neurostimulation from 175 
of the 191 patients enrolled in the pivotal trial sug-
gests modest but statistically significant benefits 
in verbal cognition, specifically in (1) the Boston 
Naming Test specifically for patients with neocor-
tical seizure onset and (2) the learning phase of 
the Rey Auditory Visual Learning Test specifi-
cally in patients with mesial temporal lobe seizure 
onset [83]. Interestingly, cognitive improvements 
were not directly correlated with reduction in sei-
zure frequency or changes in antiseizure medica-
tions [83]. Analysis of quality of life of the 191 
patients from the pivotal trial showed that at 
2  years 44% noted improved quality of life, 
regardless of seizure onset, while only 16% of 
patients reported quality of life declines [84].

 Pediatric Responsive 
Neurostimulation

Although responsive neurostimulation is not cur-
rently approved for medically refractory epilepsy 
for patients under 18 years old, a number of off- 
label pediatric cases have been reported [85, 86]. 
The AAN and ILAE have defined medically 
refractory epilepsy as the failure to control sei-
zures with 2 or more tolerated and appropriately 
scheduled antiseizure medications. However, the 
majority of patients with refractory epilepsy are 
not appropriately referred for surgical evaluation, 
despite years of advocacy. Increasing evidence 
shows that the extended duration before patients 
with medically refractory epilepsy are referred for 
surgical evaluation can decrease the odds of suc-
cessful therapy. Increasing evidence suggest that 
the longer a patient has refractory epilepsy, the 
more intractable the seizures become to all treat-
ments, including surgery. It is also established that 
increased duration of seizures can change the 
nodes and connectivity in the seizure- generating 
network. Finally, the risk of SUDEP is highest in 
patients with medication refractory epilepsy. 
Thus, the need for early treatment of refractory 
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seizures in children is becoming increasingly rec-
ognized. Case reports of pediatric applications of 
the NeuroPace responsive neurostimulation have 
suggested its utility as an “adjuvant” therapy after 
resection [86], for refractory seizures [85], and 
over eloquent cortex [85, 86]. The first reports of 
pediatric RNS were bilateral anterior thalamic 
RNS and angular/supramarginal gyrus RNS 
implants improved seizure frequency by 80–90% 
in two pediatric patients [85]. Similarly, a 16-year-
old patient with an incompletely resected left tem-
poral focal cortical dysplasia was treated with an 
RNS system implanted with a depth electrode in 
the insula and an angular gyrus/posterior superior 
temporal gyrus strip electrode; she was found to 
have reduced seizure intensity and duration at 
2 months postoperatively and only auras but no 
awareness-impairing seizures at 6 months postop-
eratively [86]. The “immature” seizure- generating 
network may be particularly susceptible to the 
desynchronizing effects of responsive neurostim-
ulation, resulting in effective seizure reduction; 
this hypothesis remains to undergo rigorous sci-
entific testing. However, empirical evidence sug-
gests its validity. One of the unique technical 
aspects of RNS in children is the placement of the 
stimulator and ferrule in the required craniec-
tomy; however, no reports of significant difficul-
ties were encountered even the in the youngest 
reported case of RNS in a 9-year- old child [85].

 Surgical Implantation 
and Techniques

The NeuroPace responsive neurostimulation sys-
tem (RNS) is an FDA-approved adjunctive ther-
apy in reducing the frequency of seizures in 
individuals 18 years of age or older with partial-
onsent seizures. The labeling for the RNS indi-
cates that the system is used in patients who 
“have undergone diagnostic testing that localized 
no more than 2 epileptogenic foci, are refractory 
to two or more antiepileptic medications, and 
currently have frequent and disabling seizures.” 
For most patients implanted with the RNS sys-
tem, the “diagnostic testing” that localizes the 
seizure-onset zone(s) involves an intracranial 

study. At our center, it is rare for patients to 
undergo RNS placement without a preceding 
intracranial EEG study. There are a few excep-
tions to this general principle, typically in patients 
with clear bilateral medial temporal lobe (MTL) 
epilepsy or unilateral MTL patients with clear, 
concordant presurgical evaluation who are not 
candidates for anterior medial temporal lobec-
tomy or unwilling to undergo resection or LITT 
ablation of the MTL structures. Once the patient’s 
seizure-onset zone or two onset zones are identi-
fied, there are a variety of techniques available 
for the placement of RNS electrode arrays and 
the RNS device. The major considerations in 
RNS surgical planning include the following: (1) 
the electrode arrays to be utilized for maximal 
coverage of the seizure-onset zone(s), (2) the cra-
niectomy for implantation of the RNS device, (3) 
stereotactic equipment, devices, and techniques 
utilized for the placement of the electrode arrays, 
(4) timing of the RNS implantation in the major-
ity of patients who undergo preceding intracra-
nial EEG study for seizure-onset localization, 
and (5) incorporation of the incisions and crani-
otomies/craniectomies that were utilized for the 
preceding intracranial study.

The RNS system has a few electrode array 
configurations, each array having four electrode 
contacts in either a strip or depth electrode array 
(Fig. 12.3). The strip electrode arrays all come 
with the standard circular electrodes with 1 cm 
spacing between each of the electrode contacts. 
The strip arrays come with 15, 25, or 35 cm of 
lead wire connected to the strip. The depth elec-
trode arrays also have four cylindrical electrode 
contacts with two spacing configurations. Depth 
electrode arrays are available with either 3.5 mm 
electrode spacing for more compact structures 
or 10  mm spacing between the electrode con-
tacts. Each variety comes with either 30 or 
44 cm in total length depending on the length or 
wire desired to connect to the RNS device. 
Cortical onset zones can be covered with either 
strip or depth electrode arrays. Most commonly, 
strip electrode arrays are utilized to cover the 
cortical surface onsets and depth electrodes are 
utilized for cortical onset zones shown to be 
deeper, that is, within a sulcus, during intracra-
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nial study. Multiple electrode arrays can be 
combined to enhance coverage of an onset zone 
with multiple strips for broader coverage or a 
combination of multiple depths or depth and 
strip arrays to cover both surface and deeper 
cortical onsets.

The electrode arrays and onset zone(s) to be 
covered will dictate the surgical approach or 
approaches required for implantation of the elec-
trode arrays. For example, in Fig.  12.3, the 
implant includes a medial temporal longitudinal 
depth electrode array (hippocampus and amyg-
dala) and a subtemporal and parahippocampal 
strip electrode array. Each of these arrays will 
require the planning of incision, burr hole or 
small craniectomy, and tunneling of electrode 
array leads to the RNS device. Alternatively, a 
larger incision can be designed to incorporate 
the placement of all of the components of the 
RNS system, including the craniectomy required 
for placement of the RNS device. This example 
also includes the use of multiple approaches, 
which requires stereotactic equipment and 
potentially multiple patient positionings for 

 successful placement of the electrode arrays and 
RNS device.

Once the electrode array configurations to be 
utilized have been determined, the location of the 
craniectomy for RNS ferrule/housing and device 
implantation must be incorporated into the surgi-
cal plan in addition to the electrode array place-
ments. As there is wide variation in the location 
of target seizure-onset zones, electrode arrays for 
covering the onset zone(s), and implantation 
techniques, there is no “standard” RNS system 
implantation approach. The RNS housing and 
device have a subtle curvature, which allows it to 
fit the general cranial shape in a variety of loca-
tions. It has been our experience, however, that 
whenever possible the craniectomy for RNS 
implantation should be placed superiorly, above 
the temporalis muscle. This placement allows for 
replacement surgery without repeat disruptions 
of the temporalis muscle, minimizing discomfort 
and potential cosmetic deformity from tempora-
lis atrophy. In addition, the RNS housing and 
device produce significant amount of artifact 
from beam scattering in post-op CT imaging. The 
more superior placement of the RNS device min-
imizes the extent of this artifact. There are a few 
additional general principles to surgical planning 
for the RNS system. When possible, it is benefi-
cial to plan a separate incision for the craniec-
tomy and placement of the RNS housing and 
device, especially when using only depth elec-
trode arrays. Also, direct and place the excess 
lead wire off from the RNS device and away from 
the incision and future surgical approach for RNS 
device replacement (see Fig. 12.4, yellow arrow). 
This approach again makes replacement surger-
ies more straightforward and lowers the risk of 
inadvertent lead wire injury during replacement 
surgery. Electrode lead wire placed on top of the 
RNS system could potentially interfere with elec-
tronic communication for analysis, data offload-
ing, and programing. If the RNS implant design 
involves all strip electrode arrays, it can be feasi-
ble to design the craniectomy for the RNS hous-
ing and device such that the strip arrays are 
placed via this craniectomy. When this single cra-
niectomy approach is utilized, the lead wires 
should exit through the craniectomy away from 

Fig. 12.3 Schematic of the Implanted RNS® System. The 
RNS® neurostimulator is held within the ferrule/housing 
implanted in the cranium (a). The neurostimulator is con-
nected to two intracranial electrode arrays/leads (b). In 
this example, the RNS System includes a longitudinal 
depth electrode array within the medial temporal struc-
tures (c) and a subdural strip electrode array over the para-
hippocampal and inferior-lateral temporal regions (d). 
(Modified image used with permission from NeuroPace, 
Inc.)
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the site of the connector head and as much as pos-
sible away from the incision and approach for 
future device changes.

After the seizure-onset zone(s) have been 
identified, the electrode arrays determined, and 
the placement of the RNS housing and device 
decided, the overall design of the surgical implan-
tation is then tailored to the specific circum-
stances of the patient and the stereotactic, 
surgical, and intra-procedural imaging equip-
ment available to the surgeon. Given the variety 
of targets, electrode arrays, and techniques, any 
of the widely utilized stereotactic platforms (fra-
meless, fiducial based, frame-based, robotic, or 
direct image-guided) can be utilized for the 
placement of electrode arrays within the target 
seizure-onset zone(s). In general terms, the ste-
reotactic systems utilized will depend on the 
overall design of the implant, the location of 
seizure- onset zone(s), and the trajectory length to 

the targeted seizure-onset zone(s). At our center, 
we have utilized frameless navigation, a stereo-
tactic robotic system, and direct image-guided 
systems for placement of depth electrode arrays 
depending on the trajectory length. We typically 
utilize a frameless stereotactic system for place-
ment of strip electrodes on the cortical surface 
and cortical depths placed along with strips dur-
ing a cortical RNS implant with both electrode 
array types. When using RNS depth electrode 
arrays targeting deeper structures with longer tra-
jectory lengths, we prefer the increased accuracy 
of direct image-guided placement, frame-based, 
or stereotactic robotic placement of depth elec-
trodes. In fact, with experience, it has become our 
preference to place depth electrodes separately 
from the RNS housing and device in depth-only 
RNS implants (i.e., bilateral MTL). The staging 
the implant of depth electrodes and the RNS fer-
rule and device is similar to the commonly used 

Fig. 12.4 RNS ferrule and device implanted into corner 
of prior craniotomy. A portion of the bone flap matching 
the RNS ferrule was removed from the bone flap and the 
RNS ferrule is attached to both the bone flap and the 
native skull. Several additional cranial fixation plates and 
screws are utilized to secure the bone flap with the RNS 
device. Note that the RNS device is positioned such that 
only a portion of the incision will be required during 
replacement surgeries, the lower and right portions of the 

incision. Once the RNS device is placed within the RNS 
ferrule, it is held into the ferrule by the set screw with 
small plastic flange (white oval). The RNS device is close 
to the incision but not directly under the incision. In addi-
tion, the RNS electrode array wires and connection to the 
device is kept away from the incision (yellow arrow). 
During future replacement surgeries, there are no wires 
between the incision and the RNS device (green arrow)
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approach in DBS. The staged approach provides 
for highly accurate placement of depth electrodes 
with postimplant imaging that confirms the 
desired position of the depth electrodes before 
the imaging limitations and artifacts of the RNS 
housing and device are introduced. The most cru-
cial element is that neurosurgeons performing 
RNS implants be familiar and comfortable with 
the operative environment and the stereotactic 
and surgical equipment to be utilized in the RNS 
implant.

 RNS Implantation Following 
Intracranial Electrode Study

As mentioned earlier in this chapter, it is com-
mon for epilepsy patients to undergo an intracra-
nial electrode study for localization of 
seizure-onset zone(s). Thus, there are often addi-
tional considerations for the RNS implant sur-
gery, depending on the technique and approach 
used for the intracranial electrode study. The first 
of these considerations is the timing of the RNS 
system implant relative to the intracranial study. 
Some surgeons have reported implantation of the 
RNS system in the same setting as removal of the 
intracranial electrodes in cases when the access 
needed for implantation of the RNS electrode 
arrays and device are present from a craniectomy 
used for the intracranial study. Although it has 
been suggested that infection rates are accept-
able, it has been our practice to delay the implan-
tation of permanent hardware such as the RNS 
system for a period of 4–6 weeks after the com-
pletion of the intracranial study. The majority of 
surgeons implanting RNS systems following an 
intracranial study for seizure-onset localization 
wait for some period of time between the intra-
cranial study and RNS implantation surgery. In 
fact, over the last two decades, it has become our 
general practice to defer definitive surgical inter-
vention for a period of 4–6 weeks after the intra-
cranial study, unless the definitive intervention 
involves cortical resection or multiple subpial 
transections that can be performed through the 
craniotomy performed for the intracranial study. 
Furthermore, in intracranial study cases involv-

ing craniectomy for grids and strips, we typically 
do not replace the bone flap until the definitive 
surgical treatment when it involves similar cra-
nial access or RNS implantation. This approach 
has significantly lowered our rate of infection fol-
lowing intracranial studies. In these instances, 
the cranial defect is covered with a titanium mesh 
until the definitive surgical treatment. With the 
growing usage of depth-only intracranial studies, 
stereoelectroencephalogram (SEEG), it is com-
mon to delay the RNS implantation surgery 
because there are no incisions or craniotomies 
involved in the SEEG intracranial study.

Given that the majority of RNS implants are 
delayed following an intracranial study, it is 
therefore important to store the location of 
seizure- onset zone(s) to be targeted in the subse-
quent RNS implant surgery. To this end, all of our 
patients undergoing intracranial study undergo 
post-implant volumetric CT and MRI imaging 
for localization of all implanted electrodes. We 
utilize an in-house developed program for elec-
trode localization, which interfaces with our fra-
meless stereotactic navigation system. This 
provides the capability of using stereotactic navi-
gation to return to the location of any electrode 
contacts found to be critical in the patients’ sei-
zure-onset zone(s) during RNS implantation. 
There are a few software programs available with 
the capability to localize each implanted elec-
trode. In cases of patients proven to have MTL 
seizure onset, the long axis of the hippocampus 
and amygdala are most commonly targeted ana-
tomically from a posterior, occipital–parietal 
approach. If necessary, the location of the identi-
fied onset electrodes from the intracranial study 
can be colocalized during the trajectory planning 
for MTL depth electrode implantation.

There are several other considerations for 
RNS implantation surgery in patients who have 
undergone prior surgery. In those patients who 
have undergone a prior craniotomy or craniec-
tomy for resection or intracranial study, the prior 
approach must be taken into account during RNS 
implantation surgery. This starts with securing 
the head for stereotactic navigation. Care must be 
taken in the attachment of whatever cranial stabi-
lization device is utilized (i.e., MAYFIELD® 
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skull clamps, Leksell or CRW frame) to avoid pin 
placement onto the prior craniotomy or craniec-
tomy site. It is best to avoid pin placement over 
prior craniotomy site, even in cases of remote 
prior surgery as antiepileptic medications are 
known to inhibit bone healing. Therefore, it 
should not be assumed that a remote craniotomy 
flap will have fused with the native skull. The 
incision or incisions utilized for RNS implant 
surgery must take into account any prior inci-
sions utilized for the intracranial study or prior 
resection. It is critical to design the RNS implan-
tation incision(s) to avoid excessive interruption 
of scalp vasculature. In general, if the RNS 
implant is in the same or similar region as the 
prior intracranial incision, then the prior incision 
should be utilized with appropriate modifications 
to provide the exposure required for the RNS 
implantation. Care should be taken to minimize 
additional interruption of scalp perfusion and 
minimize the potential cosmetic impact. 
Furthermore, when performing an intracranial 
study with a planned craniotomy in a patient who 
may be an RNS candidate, the incision utilized 
for the intracranial implant should anticipate 
potential future RNS implant surgery. Finally, the 
incision and RNS placement should be designed 
to optimize future device replacement surgeries 
as well, whenever possible.

In addition to any prior incision(s), any prior 
craniotomies or craniectomies must also be con-
sidered. Most commonly, the prior craniotomy/
craniectomy site is utilized for the placement of 
the RNS ferrule and device. In this instance, the 
RNS ferrule can be placed into the middle of the 
bone flap or a portion of the craniotomy flap 
designed to fit the RNS ferrule is removed and at 
least half of the ferrule is attached to native skull. 
Often, a considerable amount of design and work 
is required for optimal placement of the RNS fer-
rule and device in the setting of a prior craniot-
omy/craniectomy. Figure 12.4 shows a complex 
example of an RNS implant following an intra-
cranial study with prior craniotomy. The RNS 
ferrule and device are positioned in the corner of 
the craniotomy flap and attached to both the cra-
niotomy flap and the native skull. Several addi-
tional standard cranial fixation devices are 

utilized to ensure security of the bone flap. As 
previously mentioned, antiseizure medications 
can inhibit proper bone healing and therefore cra-
niotomy flaps are replaced with several fixation 
plates. The RNS device and housing is positioned 
close to a portion of the incision but not directly 
under the incision. This allows future device 
change surgeries to utilize only a portion of the 
incision to access and change the RNS device. In 
addition, the electrode array lead wires exit 
through burr holes that are away from the inci-
sion and the excess wire is kept away from the 
incision (Fig.  12.4, yellow arrow), future 
approach during surgeries to remove and replace 
the RNS device and away from the lead wires and 
the connector region of the RNS (Fig. 12.4, green 
arrow). Alternatively, the craniectomy for the 
RNS ferrule and device can be designed outside 
of the craniotomy flap or partially overlapping 
with the craniotomy flap and the native skull. The 
first option requires additional exposure for the 
craniectomy, which can be difficult or impossible 
within the exposure provided by the incision. The 
later option requires less additional exposure but 
requires a new craniectomy and removal of a por-
tion of the craniotomy flap that fits together pre-
cisely to accommodate the RNS ferrule.

RNS implantation done following depth-only 
intracranial studies, commonly referred to as ste-
reoelectroencephalogram (SEEG), is most often 
done in a delayed fashion. The SEEG technique 
utilizes placement of depth electrodes through a 
series of small burr holes and does not utilize any 
incision. Therefore, RNS implantation following 
an SEEG study does not have any prior incisions 
or craniotomies to account for, and the RNS 
implant can be designed based on optimal posi-
tioning of the RNS ferrule and device, the target 
onset zone(s), and the electrode arrays to be 
utilized.

 Implanting RNS Depth Electrodes

As mentioned, there are a variety of stereotactic 
techniques that can be utilized for the placement 
of RNS depth electrodes. Experienced epilepsy 
surgeons have described the use of frameless ste-
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reotactic navigation, frame-based targeting, and 
stereotactic robotic placement of RNS depth 
electrodes with adequate accuracy. Our center 
was the first to describe the use of ClearPoint® for 
direct image-guided placement of RNS elec-
trodes using intraoperative MRI [87]. In a depth-
only RNS implantation, the trajectories are 
planned using volumetric imaging (MRI and/or 
CT) and stereotactic targeting software. The 
entry site burr holes should be kept away from 
the RNS ferrule craniectomy and clear from the 
incision that will be used for replacement surger-
ies. Depending on the design of the implant, the 
burr holes can be performed within the same inci-
sion as the craniectomy for the RNS device or 
through separate small linear or curvilinear inci-
sions. We prefer to keep the burr holes away from 
the RNS device and through separate small inci-
sions when possible. This allows the excess lead 
wire to be kept away from the RNS device. It is 
recommended that burr holes are utilized and the 
RNS electrode is secured within the NeuroPace® 
Burr Hole Cover Model 8110. Other methods for 
securing the RNS electrode wire are available and 
effective. It was reported during the pivotal trial 
that electrode wires secured by a small titanium 
“dogbone” plate were more likely to break and 
therefore we avoid this technique whenever pos-
sible. Patient positioning depends on the entry 
sites of the planned trajectories. The head is 

placed into the MAYFIELD head holder or frame 
depending on the stereotactic technique utilized 
for depth electrode placement. Placement of RNS 
depth electrodes into the MTL structures for 
patients with MTL epilepsy is most commonly 
done with a posterior occipital–parietal approach 
to place the RNS depth electrode along the long 
axis of the hippocampus. Figure 12.5 shows the 
use of ClearPoint® and intraoperative MRI for 
direct image-guided placement of RNS depth 
electrodes into the MTL structures (hippocampus 
and amygdala). In some RNS implants, such as 
those with bilateral MTL electrodes, the place-
ment of the RNS ferrule and device may require 
a separate positioning of the patient and head. In 
addition, postoperative imaging is limited to CT 
imaging as none of the RNS components are 
MRI compatible, and after placement of the RNS 
ferrule and device there can be considerable arti-
fact. With experience, it has become the prefer-
ence at our center to place the depth electrodes in 
a separate surgery than the RNS ferrule and 
device, similar to the approach commonly uti-
lized for DBS implantation surgery. We utilize 
this staged approach most commonly for RNS 
implantation designs that require different posi-
tioning and stereotactic equipment for the two 
aspects of the procedure. This also allows us to 
verify that the depth electrodes are optimally 
positioned before the craniectomy and RNS 

a b

Fig. 12.5 The use of the ClearPoint® system and intraop-
erative MRI for direct image-guided placement of RNS 
depth electrode arrays to the bilateral MTL structures 
(hippocampus and amygdala). (a) Intraoperative MRI 

showing the tower aligned and placement of ceramic sty-
let and cannula. (b) Fusion of intraoperative MRI with 
post-op CT showing electrode placement directly within 
the operative trajectory and within the MTL structures
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device implantation is completed. Alternatively, 
the patient can be repositioned and the entire 
procedure completed in a single two-stage 
operation.

 Implanting RNS Strip Electrodes

For cortical based seizure-onset zones, strip 
electrodes are commonly utilized. The place-
ment of RNS strip electrode arrays requires 
small craniectomy and opening of the dura for 
placement of the strip electrode array(s) into the 
subdural space. In patients who have prior 
recent craniotomy for localization of seizure-
onset zone(s) via intracranial study, the existing 
craniotomy can often be utilized for placement 
of the strip electrode arrays. Again, any of the 
widely used stereotactic techniques can be uti-
lized to ensure proper placement of the strip 
electrode arrays. We commonly utilize a frame-
less stereotactic neuro-navigation system for 
cortical strip electrode arrays. The prior onset 
zone electrode locations are stored and colocal-
ized with the volumetric imaging used for regis-
tration and stereotactic navigation if necessary. 
Strip electrode arrays should be secured to the 
dura once they are in appropriate position. 
Multiple strip electrode arrays can be sutured 
together to form grid- shaped coverage when 
desired.

If there is no prior craniotomy effecting the 
RNS implant, then the RNS system implant 
design is tailored as previously described. The 
strip electrode arrays can sometimes be placed 
via the craniectomy required for the RNS ferrule 
and device. This is often utilized with frontal and 
or parietal cortical locations that are more supe-
rior or cortical locations that can be covered by 
sliding the strip in the subdural space to the 
desired location from the RNS device craniec-
tomy. Stereotactic neuro-navigation is utilized to 
ensure that the strip electrode is placed over the 
desired cortical region. The strip electrode arrays 
can also be placed via separate small craniec-
tomy, utilizing stereotactic neuro-navigation to 
ensure the proper placement of the strip electrode 
arrays. A burr hole is most often insufficient for 

proper placement of strip electrode arrays unless 
the craniectomy is widened with high-speed 
drills and/or kerrisons. This is especially true if 
more than one strip is to be utilized. When using 
a separate craniectomy for placement of the strip 
electrode array(s), it is important to keep the sep-
arate craniectomy away from the craniectomy for 
the RNS ferrule and device and positioned to 
keep the excess lead wire away from the incision 
that will be utilized for RNS replacement sur-
gery. This can be achieved through a single larger 
incision or through a separate incision with crani-
ectomy for the strip electrode arrays. With a sepa-
rate incision, the lead wire is tunneled under the 
scalp over to the RNS device, as always, keeping 
the lead wire away from the incision and approach 
to be utilized for RNS replacement surgery when-
ever possible.

 Implanting and Connecting the  
RNS Device

The design principles for placement of the crani-
ectomy to house the RNS ferrule and RNS device 
have been reviewed in prior sections. Once the 
location of the RNS ferrule and device has been 
determined, the provided template is utilized to 
outline the necessary craniectomy. Once the cra-
niectomy is outlined, burr holes are placed at 
diagonally opposite corners of the craniectomy. 
The burr holes are positioned so that the outside 
edge of the burr hole matches with the edge of the 
craniectomy. The dura is then stripped under-
neath the desired craniectomy location. A high- 
speed drill with cutting blade and footplate is 
then utilized to complete the craniectomy, fol-
lowing the template line between the two burr 
holes. The RNS ferrule is then utilized to verify 
the fit within the craniectomy. Most often, the 
high-speed drill and kerrisons are utilized to 
modify the craniectomy until the RNS ferrule has 
a good fit within the craniectomy.

If the electrode arrays and RNS device are 
placed within the same incision for a cortical 
onset target, it can be beneficial to perform the 
RNS ferrule craniectomy prior to placing the 
electrode arrays. This decreased the risks of 
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 damaging any electrode wires during drilling 
for the RNS ferrule craniectomy. Care must be 
taken to avoid durotomy and CSF loss as this 
can cause brain shift and inaccuracies in regis-
tered stereotactic neuro-navigation systems. If 
the same craniectomy is utilized for strip array 
placement, then the dura is opened as needed 
and the strip electrode arrays are placed. We try 
not to place the electrode arrays directly under 
the RNS device if possible as this makes post-op 
imaging difficult to interpret. Again, if strip 
electrode arrays are placed through the RNS 
craniectomy, then care should be taken to have 
the lead wires exit the cranium away from the 
RNS connector site and the incision. If depth 
electrodes targeting deeper structures are uti-
lized through a separate craniectomy, it is rec-
ommended to place these electrode arrays 
before the RNS device craniectomy is per-
formed to minimize the risk of excessive CSF 
loss and brain shift. Once the RNS ferrule is 
placed, it is secured into position by four stan-
dard titanium skull screws available from any 
cranial plating system kit.

The RNS device is then placed within the fer-
rule and the set screw is placed over the RNS 
device and tightened to the proper torque with the 
provided screwdriver (Fig. 12.4, white oval). The 
electrode array leads are then routed to the con-
nector site of the RNS device and placed into the 
two ports of the RNS connector head. Care must 
be taken to be sure that the leads are all the way 
into the RNS connector head. There is a brown 
marking on the leads that should be just visible at 
the edge of the connector head when the leads are 
properly inserted into the RNS connector head. 
The RNS connector head is then connected to the 
RNS device by tightening the set screw in the 
center of the RNS connector head to the RNS 
device with the same screwdriver until the torque 
setting of the screwdriver is reached. The lead 
wires are routed into the grooves of the strain 
relief section of the device. Finally, the strain 
relief cover is placed over the lead wires connect-
ing into the RNS connector head and this is 
snapped into position. Upon completion of the 
RNS implant, an intraoperative photo can be 
taken and placed within the patient’s electronic 
medical record. This picture can be useful for any 

future questions regarding hardware positioning 
and for planning device replacement surgery. The 
RNS device is now interrogated and analyzed 
and ECoG recordings are obtained. The electrode 
impedances are tested and verified to be in the 
proper clinical range. Following this, several 
minutes of ECoG recordings are obtained to ver-
ify signal and proper ECoG recordings on the 
implanted RNS system. Many times, epilepti-
form activity can be visualized in these short 
ECoG recordings, which is reassuring for the 
positioning of the electrodes. The entire field is 
now irrigated copiously with saline or saline 
mixed with antibiotic solution once the entire 
system implant is completed. Vancomycin pow-
der can be utilized over the entire field if desired. 
The scalp is then closed with standard surgical 
technique.

 RNS System Programming

 Introduction

Relative to most other neurostimulation modali-
ties, the RNS system requires a more significant 
investment in individualizing programming to 
achieve the goal of responsive therapy. 
Programming is divided into two major phases, 
which are optimally performed sequentially. First, 
detection criteria are established to identify sei-
zure onset patterns as accurately as possible. Once 
this is done, then stimulations are enabled and 
titrated. If the desired response is not achieved, 
more advanced measures may be taken, including 
varying the electrode contacts, the polarity mode, 
or even swapping the electrode leads altogether. 
Since seizure freedom is rare, there may be a con-
tinuous process of optimization over the years 
that a device remains implanted. The device 
counts seizure onset patterns, which are shown in 
graphical form in the programming interface and 
are useful to assess therapeutic response. The 
detection criteria set the sensitivity and specificity 
for seizure onsets, so if they are altered after ther-
apy has been enabled the baseline counts will 
change. Therefore, detection settings are usually 
kept stable as much as possible after the initial 
programming.
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 Detection of Seizure-Onset Patterns

The RNS system provides electrocorticogram 
(ECoG) data that is used in the initial phase to 
identify ictal and interictal patterns and guide the 
programming of detection patterns. These ECoGs 
are recorded based on programmable triggers. 
Older models of the device can buffer up to 6 min 
of ECoG data (typically four 90-s recordings) 
with a 250-Hz sample rate and frequency 
response range of 4–90 Hz. As of 2019, the cur-
rent model RNS-320 allows 12 min of data (e.g., 
eight 90-s recordings) [88]. The duration of these 
ECoGs is adjustable, as are the triggers. The most 
common triggers are “long episodes,” which are 
periods of sustained detections lasting for a user- 
specified duration (default 30  s); saturations, 
which are times when the recorded activity in any 
channel exceeds a threshold (which is adjust-
able); magnet swipes, when the patient marks an 
event for recording; and up to four scheduled 
detections. The scheduled detections are useful to 
characterize baseline activity. The available 
ECoG recording slots are limited, so some of 
them can be reserved for one or more triggers to 
prevent them from being overwritten by later 
events. The most useful or accurate trigger varies 
between patients, but magnet swipes may be par-
ticularly useful early on as they are a direct indi-
cation of a patient’s reported clinical events, 
serving a similar function as a push button in the 
epilepsy monitoring unit.

Three types of detection patterns are available 
in the current devices: a bandpass detector, line- 
length detector, and area-under-the-curve detec-
tor. Bandpass detectors identify power within a 
specified frequency band over a programmable 
duration. They can be used in various ways. A 
spike can be identified by a high frequency 
within a short time window. Neocortical seizures 
can often be captured early by beta or gamma 
range activity over a period of 0.5–1 s. A spec-
trogram of the ECoG is available in the program-
ming interface to guide frequency-based 
detection [89]. Line-length detectors (also 
labeled as “power change” detectors) identify 
periods of high-voltage oscillations. Line-length 
measurements are based on a fractal measure 

[90] that is sensitive to seizure onset [91] and are 
computationally efficient to calculate. 
Practically, these can be used to capture poly-
spike activity, which may occur either at the 
onset or in the middle of the seizure. Area-under-
the-curve detectors are a measure of absolute 
power based on amplitude- integrated EEG. They 
are used the least often but can help capture slow 
waves or, by setting a negative threshold, elec-
trodecremental activity. They can also be helpful 
to detect activity changes in patients with a 
highly active background.

Each type of detector has a set of parameters 
to fine-tune accuracy, including a threshold 
above which it activates. By default, these detec-
tors evaluate the signal relative to the recent 
baseline to identify a relative change. The dura-
tion of the baseline can be changed, or a detector 
can be set based on an absolute threshold instead. 
Within a single detection pattern, the three detec-
tor types can be combined by an AND rule. Up 
to four detection patterns can be programmed on 
up to two channels. Typically, 1–2 patterns are 
defined based on one of the electrodes and 
another 1–2 patterns for the other electrode. In 
advanced usage, additional Boolean logic can be 
applied between detections patterns across 
channels.

Default settings at the time of implantation are 
line-length detectors with 75% thresholds. These 
are usually sensitive enough to capture enough 
electrographic seizures to guide initial program-
ming. By design, these initial detection patterns 
are sensitive but nonspecific, so they will need to 
be adjusted or replaced once some ictal ECoG 
recordings are available. Moreover, many sei-
zures are poorly captured at onset by line-length 
detectors, so the default patterns will usually fail 
at the goal of early detections.

In most cases, seizure onset patterns will be 
detected many more times than clinical seizures. 
A typical frequency of episode starts (essentially 
total detections) is 500–1000/day. These appear 
to represent spontaneously aborted seizure 
onsets. It is unknown if treating these is neces-
sary or even beneficial, but the prevailing hypoth-
esis is that regularly  stimulating these brief onset 
rhythms has a long-term neuromodulatory effect. 
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In practice, the detection patterns are never made 
so specific to treat only sustained or clinical sei-
zures. By the time onset patterns evolve suffi-
ciently to increase specificity to that degree, it is 
too late to abort them with stimulation.

 Stimulation Settings

The currently available RNS system delivers up 
to five sequential therapies consisting of two 
bursts of biphasic square wave constant current 
stimulation (ten bursts total). The waveform is 
similar to that produced by stimulators used for 
cortical stimulation mapping. The two bursts in 
each therapy can be set to have identical param-
eters or, to save battery life, alternate stimulation 
between electrode leads. The possible ranges of 
stimulation are listed in Table  12.2 along with 
typical settings that have been determined empir-
ically from over 10  years of device trials. If a 
detection pattern is sustained, stimulation thera-
pies will continue to be delivered up to five times 
in a row, after which stimulation is exhausted. 
That is, after five consecutive stimulations with 
ongoing detection, the stimulation will not return 
while the device is detecting continuous seizure. 
Once detection stops, the stimulation resets. Each 
of the five therapies can be programmed individ-
ually. In almost all cases, they are set identically, 
especially when the device is first programmed, 

but in some situations certain practitioners assign 
higher intensities to later therapies to abort sei-
zures better or even to provide patients with a 
sensation of high activity.

Lead polarity is conventionally represented in 
the shorthand (lead 1)(lead 2)(can), and contacts 
within each lead are labeled from the distal tip. In 
monopolar stimulation, one or both electrodes is 
set to anodal (or cathodal) stimulation and the can 
as the opposite, for example, (++++)(0000)(−) for 
anodal stimulation of lead 1. Unlike some other 
neurostimulation systems, the stimulation wave-
form consists of actively charge-balanced biphasic 
pulses. Therefore, the selection of anodal or cath-
odal stimulation may have minimal significance, 
although there have been anecdotal reports of 
anodal stimulation (for the first half of the biphasic 
pulse) being more effective. Monopolar stimula-
tion provides a large field with gradual drop-off. In 
a lead-to-lead bipolar configuration, the leads are 
set to opposite polarity, for example, (++++)
(−−−−)(0). For parallel electrodes, this method 
provides a relatively constant field between them. 
Conventional within-lead bipolar stimulation, for 
example, (+−+−)(0000)(0) for lead 1, provides 
focused stimulation with a steep drop-off [92]. 
This mode is often used in the medial temporal 
lobe to prevent a more posterior field from causing 
photopsias. Other much less common modes are 
guarded cathode (tripole), for example, (+−+0), or 
a wider bipole, for example, (++−−).

Once a stimulation paradigm is selected, the 
charge density can be increased incrementally 
between programming sessions by about 0.5 μC/
cm2 until reaching the target level of stimulation. 
Estimated charge density (provided in the pro-
gramming interface) is a much better measure of 
stimulation intensity than current amplitude since 
the same current from the device will deliver 
vastly different charge at each electrode contact 
depending on the electrode configuration. This 
process of incremental adjustment typically takes 
months and may be sufficient to see an initial 
clinical response. Once the target is reached, the 
stimulation pattern, frequency, and burst duration 
can be adjusted, often in that order. If these 
adjustments fail to achieve the desired response 
over time, then, if more than two electrodes were 

Table 12.2 Typical responsive neurostimulator pro-
gramming parameters

Parameter
Available 
range

Typical 
neocortical

Typical 
hippocampal

Amplitude 0–12 mA 2–8 mA 1–3.5 mA
Charge 
density

0–25  
μC/cm2

1–4 μC/cm2 1–3.5  
μC/cm2

Pulse 
width per 
phase

40–1000 μs 160 μs 160 μs

Frequency 1–333 Hz 200 Hz 100 Hz
Burst 
duration

10 ms–5 s 100 ms 100 ms

Electrode 
pattern

Each 
contact and 
the “can” 
can be set 
to +, −, or 0

Monopolar 
or 
lead-to-lead 
bipolar

Bipolar 
within lead
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implanted initially, it may be possible to change 
the connected electrodes at the time of the next 
device replacement.

New stimulation settings must be tested dur-
ing a live-streamed ECoG session before being 
enabled. The first reason is to make sure the stim-
ulation can actually be delivered; if the charge 
exceeds device capacity or the capacitor mode, 
then an error will be displayed. The second rea-
son is to make sure the patient can tolerate the 
setting. Common effects of stimulation at high 
charge densities are dysesthesias with subdural 
electrodes or photopsias with occipitotemporal 
depth electrodes [93]. Photopsias may be best 
appreciated in a dark room. The third reason is to 
make sure there are no afterdischarges or pro-
voked seizures. When viewing the ECoG, it will 
be apparent that the recording is suppressed for a 
brief period during and after therapy delivery. 
This is done by the device to prevent stimulation 
artifact from erroneously triggering another 
detection.

Older models of device have several levels of 
battery-saving modes that adjust the number of 
capacitors used to deliver charge. The battery- 
saving feature is somewhat hidden in the current 
programmers (and were in a secret menu in the 
older model programmers). The lowest number 
of capacitors that can provide the desired charge 
density should be used as this can substantially 
extend battery life and time to device replace-
ment. As of the current generation, RNS-320, 
capacitor modes are set automatically.

 Utility of Data Provided  
by the RNS System

 Assessing Clinical Response 
to Stimulation

As with antiseizure medications, VNS, and DBS, 
the conventional means to assess therapeutic 
response is patient reporting. NeuroPace pro-
vides an online diary [94] for this purpose that 
integrates with their online portal for provider 
data review. Although they are the current stan-
dard in studies of epilepsy patients, the accuracy 

of diary reports of clinical seizures is known to be 
poor. Even when diaries are attempted in the con-
trolled environment of an inpatient epilepsy mon-
itoring unit, less than 50% of all seizures 
(including less than 60% of bilateral tonic-clonic 
seizures) are reported [28]. Outpatient seizure 
reporting introduces further variability since dia-
ries may not be at hand, lost, or forgotten [29]. 
Patient reporting will also miss “subclinical” sei-
zures. One example of the importance of subclin-
ical seizures is their influence on surgical 
outcomes [95]. Such seizures may have subtle 
behavioral manifestations that are not recog-
nized, and they may affect cerebral metabolism, 
partial oxygenation, and blood flow [96]. We 
argue that these seizures should also be moni-
tored and treated.

The RNS System provides several measures 
that can be used for a more objective assess-
ment of clinical response, including total detec-
tion counts, “long episode” counts, and a subset 
of electrocorticograms (Table  12.3). These 
detections are all individualized to a patient’s 
own ictal onset patterns. Long episodes appear 
to be particularly useful. In one study, long 
episode- triggered ECoGs were at least 92% 
specific for electrographic seizures in over half 
of patients [97]. This accuracy was seen despite 
only moderate interrater reliability in categori-
zation of RNS- provided ECoGs [98]. Thus, 
long episode frequency could be considered a 
surrogate for seizure frequency that is at least 
as accurate if not better than a seizure diary.

Seizures captured as long episodes, satura-
tions, or particularly as ECoGs may be directly 
informative to patients. Since many patients are 
unaware of their seizures, they often question if 
they have had a seizure. Telling a patient if an 
event was a seizure or not removes a level of 
uncertainty and may put them at ease. In cases 
where an ECoG is not recorded for a clinical 
event, some details of the detection can still be 
identified in an “initial interrogation report” 
that includes the time, detection pattern(s), and 
duration of each detection, up to a limit of 
approximately 500–1000 between interroga-
tions (depending on the device model and avail-
able memory).
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 Medication Responses

These measurements of possibly subclinical 
activity can also be used to assess response to 
medications [99]. There is no established bio-
marker to determine the response to antiseizure 
medications short of waiting to see their effect, 
often for months. Scalp EEG is a poor biomarker 
for most medications. In some cases, after medi-
cations are started, there is a clear, rapid decline 
in detection rates. In patients with stable detec-
tion settings, changes in detection counts (epi-
sode starts or long episodes) within the first 
1–2  weeks correlate with eventual clinical effi-
cacy or inefficacy [36, 100]. These data could be 
used to identify the efficacy of medication trials 
early to allow more rapid medication adjustments 
than conventionally possible.

 Identification of Dominant  
Seizure Focus

The RNS System can be used for long-term epi-
lepsy monitoring to lateralize seizures or identify 
the dominant seizure focus. Conventional epi-
lepsy monitoring of around a week could easily 
miss seizures from the opposite side. In some 
patients with bitemporal RNS, the dominant 
focus will alternate over time [101]. Review of 
data from the NeuroPace Long-Term Treatment 
trial shows that this is not uncommon [39, 102]. 

Electrodes were presumably implanted bilater-
ally due to confirmed bitemporal disease. The 
time from the first recorded seizure on either side 
until the first seizure on the opposite side was 
measured in each patient. Out of 69 patients, 25 
had bilateral seizures within the first week, but 22 
had unilateral seizures alone for more than 
4 weeks, and 6 had unilateral seizures alone for 
more than 7 years. If one focus turns out to pre-
dominate over a long enough time period, then it 
might even be amenable to later resection with a 
potentially good outcome [103].

 Temporal Patterns of Epileptiform 
Activity

The event rates stored by the device provide a 
convenient means to identify temporal patterns of 
seizure activity and can be used to guide medica-
tion timing, rescue medications, and identify 
potential precipitants of seizure activity. At the 
most granular level, essentially all patients dis-
play a strong circadian cycle. This is discernible 
even with a simple line-length detector, which 
yields a bimodal distribution [31]. These circa-
dian patterns have been shown to differ by 
seizure- onset location [104, 105]. Understanding 
of circadian cycles may allow altered medication 
management and identification of patients at 
increased risk of sudden unexpected death in 
epilepsy.

Table 12.3 Key data available from the NeuroPace RNS-320

Type of data Data available Approximate buffer limit
Event rates (hourly) Episode starts

Long episodes
Saturations
Magnet swipes

Several months

Event details Time
Trigger (detection pattern, saturation, magnet, etc.)
Number of sequential detections of each pattern
Number of stimulations
Total event duration

~1000 events (1–2 days)

ECoGs Scheduled
Triggered (by long episode, magnet, or saturation)

12 min (e.g., eight 90-s 
recordings)

Programming settings history Detection criteria
Stimulation settings
Definition of long episode duration

Indefinite (online)
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Review of daily event rate graphs often also 
reveals clear multiday (infradian or multidien) 
cycles. Such cycles may be on the order of sev-
eral days, weeks, or longer. The combination of 
multiple scales of these circadian and infradian 
cycles has been proposed to modulate seizure 
risk in a manner useful to develop a seizure fore-
casting algorithm [97]. At a more practical level, 
knowledge of seizure cycles may allow behav-
ioral modification or increased medications at 
peak times of activity.

 Future Directions

The RNS device is the first FDA-approved 
closed-loop or “responsive” neurostimulation 
device. It has been shown to be a safe and effec-
tive therapy for patients with refractory epi-
lepsy who are not candidates for surgical 
resection. This device has created an entirely 
new source of long-term intracranial data from 
patients with chronic, refractory epilepsy and 
these data have led to new discoveries into epi-
lepsy and epilepsy therapy. At the present time, 
however, the RNS device and the data acquired 
are limited in the scale of available neurophysi-
ological data and acquisition and computing 
hardware. For example, the original RNS 
device could store only six min of ECOG data 
and the battery would last on average 3–4 years. 
Recently, a new model was released, which 
doubled the battery life and data storage capa-
bilities of the RNS device. The most obvious 
future directions for responsive neurostimula-
tion and the RNS device is the improvement in 
the capabilities of the hardware, including elec-
trode arrays, number of channels available, data 
sampling rate, data storage, and transmission 
capabilities. Many of our RNS patients have 
more than two electrode arrays implanted. It is 
hoped that future RNS devices will provide for 
the use of more than two electrode arrays. In 
addition, if the patient does not have a good 
result with their responsive neurostimulation, 
the electrode arrays could be changed without 
additional intracranial surgery, perhaps during 
device change surgery.

In addition, new targets and techniques of 
responsive stimulation in the treatment of refrac-
tory epilepsy are under investigation. Ongoing 
research suggests that the epileptic network can 
be widespread, even in focal-onset epilepsies. 
Additional subcortical nodes within a patient’s 
seizure-generating network could be targeted for 
a neuromodulatory and disruptive neurostimula-
tion therapy. For example, several groups have 
reported implanting RNS depth electrode arrays 
into the thalamus, using both the anterior nucleus 
(ANT) and the centromedian nucleus (CMT). 
Recently, our group reported the first responsive 
stimulation of the centromedian nucleus of the 
thalamus, an intralaminar nucleus, known to have 
input from basal ganglia structures and wide-
spread cortical outputs, was in a patient with 
multifocal bilateral parietal onsets of seizures 
[40]. The data from this patient has shown that 
seizure onsets can be detected in the CMT, pro-
viding the first in human data that seizure propa-
gation and perhaps even onset can be recorded 
and detected in the thalamus, making the thala-
mus an attractive target for the treatment of 
patients with multiple or broad cortical seizure- 
onset zones.
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Spinal Stimulation

Akshay V. Save, Dominique M. O. Higgins, 
and Christopher J. Winfree

 Introduction

Spinal cord stimulation (SCS), previously known 
as dorsal column stimulation, refers to the use of 
implantable electrical generators in the spinal 
canal to dampen the electrochemical sensation of 
pain. It was first used clinically in 1967 by Dr. 
C. Norman Shealy to manage intractable pleural 
chest pain in a patient with an inoperable bron-
chogenic carcinoma and diffusely metastatic dis-
ease [1]. Despite the patient passing away days 
later from undiagnosed endocarditis, his pain was 
successfully managed briefly with spinal cord 
stimulation at the T2–3 levels with periodic 
changes in the stimulation frequency. This short 
experience proved that spinal cord stimulation 
could be used in the management of localized 
pain. Further, the need to intermittently change 
the stimulation frequency highlighted the chal-
lenge of neuroplasticity in pain pathways when 
treating complex intractable pain.

Since then, significant technological advances 
have changed the face of neurogenic pain man-
agement. In 1989, the United States Food and 
Drug Administration approved spinal cord stimu-
lation for treatment of chronic trunk, back, and 

limb pain. Today, narrower leads, implantable, 
rechargeable generators, and varied stimulation 
algorithms have made spinal cord stimulation a 
viable option when seeking to manage a variety 
of chronic intractable pain etiologies.

 Types of Spinal Cord Stimulators

Components of spinal cord stimulators consist of 
electrode leads connected to a pulse generator or 
battery. Leads are divided broadly into two cate-
gories, paddle and percutaneous. Paddle elec-
trodes are generally implanted via an open 
surgical approach, as they require a laminectomy 
or laminotomy for access to the epidural space. 
Percutaneous electrodes, as the name implies, are 
implanted using fluoroscopy and a large gauge 
spinal needle (e.g., Touhy). The choice of which 
electrode to use depends on a variety of factors, 
including distribution of symptoms, surgical his-
tory, and surgeon preference. Paddle electrodes 
tend to migrate less and may require less power 
resulting in a longer battery life. Percutaneous 
electrode placement, on the other hand, is less 
invasive and more easily allows refinement of the 
final electrode position in both the rostral–caudal 
and medial–lateral planes.

The number of contact leads in electrodes 
used also varies depending on clinical need. 
Typically, electrodes are available with 4, 8, or 16 
contact leads. Greater number of contact leads 
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allows for postoperative adjustment of the loca-
tion and direction of stimulation being applied 
without having to undergo a reoperation for posi-
tioning [2]. However, the added complexity of 
programming is not always required, and thus 
electrode selection should be tailored to the indi-
vidual clinical scenario.

The electrode ultimately relies on a power 
source, which is most commonly an implanted 
pulse generator or IPG. These are relatively small 
subcutaneous batteries that are connected to the 
tunneled electrode prior to implantation. Their 
lifespan depends to some degree on the stimula-
tor settings used but on average lasts approxi-
mately 4–5  years [2]. Newer systems available 
employ rechargeable IPGs. These are beneficial 
in that they avoid additional surgeries for battery 
replacement; however, they have an increased 
upfront cost to the patient. Older systems used 
radiofrequency-coupled devices with an 
implanted receiver and external power source. 
Despite the ease of changing the batteries in these 
systems, they have fallen out of favor, in large 
part due to the patient preference for an entirely 
internalized system that minimizes the impact of 
management on daily life.

 Mechanism of Action

Spinal cord stimulation has a complex mecha-
nism of action that has not yet been completely 
understood. In 1965, Melzack and Wall initially 
proposed a “gate theory” of pain modulation [1, 
3–8]. The gate theory of pain explains that the 
sensation of pain requires transmission of painful 
stimuli along neurons in the peripheral nervous 
system across a physiological “gate” into the cen-
tral nervous system, where it is ultimately experi-
enced. Further, the activation of other sensory 
nervous pathways may influence the reactivity of 
this gate and inhibit the transmission of pain 
along ascending pathways. Smaller A-delta and 
C fibers that provide nociceptive sensation syn-
apse alongside the larger diameter A-beta fibers 
that provide tactile sensation in the substantia 
gelatinosa of the dorsal horn. Stimulation of the 
larger fibers inhibits the neural signaling from the 

smaller pain fibers, suppressing the transmission 
of pain. From this theory sparked the paradigm 
that nociceptive stimuli would be replaced with 
more tolerable paresthesias along the same pain 
distribution, which is consistent with clinical 
findings [3–6]. While this had been the dominant 
theory for many years, recent preclinical and 
clinical data suggest a multifactorial mechanism 
for pain control [3–6], which may provide insight 
into why this treatment modality works more 
effectively in certain patient populations.

Additional mechanisms being considered 
include the activation of GABA interneurons in 
the dorsal horn, activation of supraspinal path-
ways that modulate descending serotonergic and 
noradrenergic neurons, downregulation of 
microglial and immune cell markers to suppress 
immune-modulated pain, suppression of efferent 
sympathetic fibers, or the local release of vasodi-
latory and nociceptive molecules peripherally 
[3–6, 9]. Pain relief from spinal cord stimulation 
is partially diminished when delivered concur-
rently with pharmacologic opioid antagonism. 
This clinical finding suggests that activation of 
descending opioid pathways and the local release 
of endogenous opiates likely play a role in pain 
relief [10]. Functional MRI and PET imaging 
also showed that electrical stimulation of the dor-
sal columns with spinal cord stimulators resulted 
in increased blood flow to not only thalamic and 
somatosensory pathways but also the anterior 
cingulate and prefrontal cortices [3–6]. Whereas 
the thalamic and somatosensory effects are likely 
to directly modulate neural connectivity with the 
corresponding nociceptive pathways, it is hypoth-
esized that stimulation of the anterior cingulate 
and prefrontal cortices plays a role in the emo-
tive, experiential aspects of pain. It should be 
noted that the various waveforms available for 
spinal cord stimulation programming likely influ-
ence different sensory pathways and different 
cell types within the nervous system.

The stimulators generate various waveforms 
that then have an electrophysiologic effect on the 
segmental sensory fibers, typically of the dorsal 
column, modulating pain via the mechanisms 
described earlier. The coverage area of the wave-
form generated depends on a variety of factors, 
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including the number of electrodes placed, the 
number of contact leads, and their interval 
 spacing [5]. These variables should be decided on 
preoperatively to optimize coverage. For exam-
ple, two percutaneous electrodes are often placed 
on either side of midline if there is a concern for 
electrode migration and bilateral coverage is 
needed, whereas a single paddle electrode may 
suffice. The orientation of the contacts also plays 
an important role in the coverage generated. 
Original electrodes were monopolar but have 
since evolved to include bi- and tripolar configu-
rations. The programmer can designate combina-
tions of anodes and cathodes to shape the area of 
coverage obtained [11, 12]. For instance, trans-
verse tripolar stimulation, which is reported to 
have increased benefit for axial back pain [13], 
involves a central cathode contact with flanking 
anodes that serve to shield the dorsal roots later-
ally. These are typically done using paddle elec-
trodes, but the effect can also be simulated using 
three percutaneous electrodes. Similarly, for mul-
ticontact electrodes, the distance between con-
tacts should be factored into the choice of 
electrode because it will affect the area and depth 
of coverage.

After placement, the electrodes must be pro-
grammed with certain electrophysiological 
parameters that determine the characteristics of 
the square waveform generated. The most impor-
tant programming parameters are the pulse fre-
quency (the number of electrical stimuli delivered 
in unit time), pulse width (the duration of the 
stimulus), and amplitude of stimulation (the 
intensity of the current delivered). The most com-
mon waveforms used are conventional or tonic, 
high-frequency, Burst, and high-density stimula-
tion. Tonic stimulators provide electrical pulses 
at lower frequencies around 40–50  Hz, with a 
pulse width of 200–500  μs. The amplitude is 
adjusted based on patient feedback to provide 
pain relief with a tolerable degree of paresthesias. 
Approximately 50% of patients have a 50% 
decrease in their pain levels with this type of 
waveform stimulation [6, 14, 15]. Some patients, 
however, find the paresthesias to be intolerable 
over time. Additionally, others start to have atten-
uated benefit with chronic stimulation [14]. To 

address these issues, three paresthesia-free stim-
ulation techniques were developed: high- 
frequency, Burst, and high-density stimulation 
[14]. High-frequency stimulation delivers pulses 
in the range of 10 kilohertz with a much narrower 
pulse width of 30 μs. Burst frequency stimulation 
uses serial high-frequency pulses (bursts) with an 
intervening stimulation-free period. Bursts occur 
at 40  Hz similar to tonic stimulation, with 5 
pulses per burst that each have a pulse width of 
1000 μs [3–7]. High-density stimulation also has 
a higher frequency stimulation ranging from 500 
to 1200  Hz, but with a pulse width similar to 
tonic stimulation, thus increasing the density of 
stimulation [14].

Both preclinical and clinical research findings 
suggest that tonic, high frequency, and Burst 
stimulation likely have slightly differing targets 
and mechanisms of action [3–6]. The amplitude 
and pulse width together constitute the charge per 
electrical pulse, which roughly determines if an 
action potential will occur as well as the type of 
neuronal–axonal units that will depolarize [9, 
16]. While the frequency of stimulation influ-
ences the rate of depolarization, leading to a more 
synchronized, summative effect, there is also evi-
dence that different frequency ranges activate dif-
ferent receptor pathways. For example, 
low-frequency stimulation activates μ-opioid 
systems, whereas higher frequencies preferen-
tially activate the endogenous δ-opioid pathways 
[9]. Higher frequencies are also thought to affect 
interneurons that interact with other neurotrans-
mitters such as acetylcholine, adenosine, sero-
tonin, and norepinephrine, resulting in a more 
complicated method of pain relief [15, 16]. These 
various electrophysiological parameters should 
all be finely tuned on an individual patient basis 
to achieve optimal pain management.

With newer advances in technology, Burst 
stimulation is becoming more common in clini-
cal practice [3–9, 16]. Preclinical studies suggest 
that Burst stimulation more closely resembles the 
depolarization of natural pathways compared to 
tonic stimulation. Animal studies have shown a 
greater cortical activation signature with Burst 
rather than tonic stimulation. EEG recordings in 
patients receiving Burst stimulation showed 
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greater activity in the dorsal anterior cingulate 
cortex compared to patients receiving tonic 
 stimulation. Given the role of the thalamic–cin-
gulate pathway in the emotional perception of 
pain, it is thought that Burst stimulation may 
ameliorate the way patients perceive and experi-
ence pain [5, 15]. All in all, there are clearly dif-
ferences between tonic and Burst stimulation, 
though further research is necessary to under-
stand if certain patient populations would differ-
entially benefit from a particular method.

Initial trials with Burst and high-frequency 
stimulation showed promising results and 
increased efficacy [17–20] compared to tonic 
stimulation. More recent studies have painted a 
less clear picture, and such stimulation tech-
niques long-term may suffer from similar draw-
backs encountered with tonic stimulation [21]. 
One possibility is that the unregulated firing of 
the stimulator without feedback into the system 
results in unwanted or off-target effects that even-
tually dampen the efficacy. To this end, more 
recent efforts have been made to develop what 
are termed “closed-loop” spinal cord stimulators. 
These function by not only delivering stimulation 
but also measuring the evoked action potentials. 
Over time, the amount of stimulation can then be 
varied to maintain a constant evoked potential 
rather than a fixed waveform [21]. There are cur-
rently ongoing research trials with these novel 
stimulators to determine their efficacy broadly 
before they are available for clinical use.

 Initial Workup and Assessment

It is important to exclude other treatable causes of 
pain prior to considering spinal cord stimulation. 
Further, a thorough history and physical examina-
tion to comprehensively localize the distribution 
of pain is critical. A trial period of 3–7 days with 
a temporary external battery is recommended 
prior to permanent implantation [6, 22, 23]. Only 
patients who respond positively to the trial run 
should be considered for permanent treatment. A 
positive response to the trial period is defined as a 
50% improvement in pain symptoms as well as 
functional improvement in activity [6].

 Indications

Spinal cord stimulation should be considered in 
patients with chronic intractable localized pain 
refractory to conservative medical management. 
In the United States, postlaminectomy syndrome 
(PLS) and complex regional pain syndrome 
(CRPS) are the most common indications for spi-
nal cord stimulation, whereas chronic vascular 
pain and refractory angina are the most common 
in Europe [24]. There is a growing body of litera-
ture suggesting that spinal cord stimulation may 
also be effective in treating painful diabetic 
peripheral neuropathy (PDPN) [17, 25–27]. While 
there is currently no definitive, class 1 evidence to 
support its use in patients with post- herpetic neu-
ralgia, cancer-related, or post-amputation pain, it 
should still be considered in patients suffering 
from these types of pain syndromes when refrac-
tory to other modalities.

 Postlaminectomy Syndrome

Postlaminectomy syndrome (PLS), also referred 
to as failed back surgery syndrome (FBSS), refers 
to refractory axial back and/or leg pain that per-
sists or worsens following surgical management. 
Patients with PLS should be carefully evaluated 
for causes of persistent symptoms, such as resid-
ual lateral recess or foraminal stenosis, extra- 
foraminal compression, and spondylolisthesis. In 
the absence of identifiable surgical pathology 
amenable to additional decompression and/or 
instrumentation, PLS patients should be consid-
ered candidates for spinal cord stimulation [6, 24, 
27–29]. Patients with a chief complaint of axial 
back pain may respond well to tonic stimulation; 
however, paresthesia-free stimulation techniques 
tend to offer better outcomes [27, 30, 31].

 Complex Regional Pain Syndrome

Complex regional pain syndrome is characterized 
primarily by pain, inflammatory changes, decreased 
mobility, or dermatologic changes affecting an ana-
tomic area that occurs most  frequently after trauma 
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or surgery. The pain does not correspond to any 
known dermatomal or peripheral nerve distribu-
tions and extends beyond the usual healing time 
course for the initial injury. In type 1 CRPS, there 
is no damage to peripheral nerves, whereas type 2 
CRPS has associated damage along a particular 
peripheral nerve distribution. This diagnosis is pre-
dominantly clinical, with history and physical 
examination findings consistent with hyperesthe-
sia, temperature differences, unexplained regional 
swelling, or motor dysfunction along the affected 
area. Both CRPS 1 and 2 patients may benefit from 
SCS, though the majority of studies to date have 
focused on CRPS 1 [32, 33].

 Chronic Vascular Ischemia

Claudication and pain from untreatable chronic 
ischemia can be treated with spinal cord stimula-
tion [6, 25, 33, 34]. This is especially relevant 
when revascularization cannot be completed due 
to patient comorbidities or extremely poor dis-
ease. Percutaneous coronary intervention, coro-
nary artery bypass graft, and spinal cord 
stimulation should be considered as complemen-
tary procedures based on the extent of vascular 
disease. Thus, in elderly patients suffering from 
chronic angina that are not well conditioned for 
major surgical intervention, thoracic spinal cord 
stimulation may be considered as a lower mor-
bidity and lower cost option rather than coronary 
artery bypass grafts [34].

 Painful Diabetic Peripheral 
Neuropathy

Diabetic peripheral neuropathies are common in 
patients with poorly controlled or long-standing 
diabetes mellitus. Between 15% and 25% of 
these patients develop painful neuropathies, usu-
ally in the lower extremities, that are often incom-
pletely managed by medical therapy. Medical 
management consists of trialing multiple drug 
combinations, which is limited by poor side- 
effect profiles. Though the role of spinal cord 
stimulation remains under debate in PDPN, sev-

eral observational studies have suggested that it 
may have positive effects on pain management 
and quality of life [6, 17, 26, 27].

 Contraindications/Exclusionary 
Criteria

Active infection is considered a contraindication 
for implantation, given the risk of extending 
infection to the epidural space and subsequently 
the central nervous system. Presumed infected 
hardware must likely be explanted. Patients with 
uncontrolled coagulopathies or clotting dysfunc-
tion should not be considered for this procedure 
because of the risk of spinal epidural hematoma, 
which requires urgent neurosurgical decompres-
sion to avoid permanent neurologic damage [6, 
24, 25]. Previously, implanted pacemakers/defi-
brillators and future anticipated MRI were con-
sidered contraindications to implantation. The 
concern for patients with pacemakers or defibril-
lators was that the electricity from spinal cord 
stimulators would inappropriately interfere with 
cardiac pacing. This interference was initially 
thought to be voltage and frequency dependent 
[35] and more likely in patients with unipolar 
pacers [35, 36]. However, subsequent studies 
have shown that spinal cord stimulators can 
safely be implanted and used in patients with 
advanced heart failure without interfering with 
implantable cardioverter defibrillators [37]. 
Further, with the advent of newer, MRI- 
compatible pulse generators, future MRI is no 
longer a contraindication, though it remains a 
concern in patients with older devices.

Psychiatric comorbidities, such as depression, 
debilitating anxiety, somatization, or psychosis, 
should be appropriately managed prior to spinal 
cord stimulation consideration to provide the 
highest likelihood of success.

The effects of spinal cord stimulation on preg-
nant patients or developing fetuses have not been 
fully characterized. Though there is not thorough 
scientific literature for this clinical situation, 
physiological anatomic changes during the course 
of pregnancy may result in damage to the equip-
ment and subsequently the patient [38]. 
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Additionally, the presence of a spinal cord stimu-
lator specifically in the lumbar region has been 
thought to potentially limit the options for anes-
thesia during labor and delivery. As such, spinal 
cord stimulator manufacturers currently do not 
recommend its use in patients who are currently 
pregnant or who plan to become pregnant. 
However, there have been some published case 
reports and case series that suggest that implanta-
tion of spinal cord stimulators in young women of 
childbearing age can be done safely by coordinat-
ing multidisciplinary care with obstetrics, surgical 
services, anesthesia, and pain management teams 
[39, 40]. As such, young females with intractable 
chronic pain should still be considered for spinal 
cord stimulators. In these cases, electrical stimu-
lation may provide patients with sufficient pain 
relief to enable them to reduce or eliminate the 
need for pain medications during pregnancy that 
are either teratogenic or addictive.

 Anatomic Considerations

There are many anatomic considerations that need 
to be taken into account when considering spinal 
cord stimulator implantation in different regions 
of the spine. Stimulation in the cervical spinal 
cord is predominantly designed to treat pain in the 
neck and upper extremities. For pain at the neck, 
shoulder, and hand, spinal cord stimulators should 
be placed between C1–2, C2–4, and C5–6, respec-
tively [41]. Common indications in this region are 
CRPS and persistent pain after cervical spine sur-
gery [42]. Implantation can be completed with 
direct application following a cervical laminec-
tomy or by needle insertion caudally with subse-
quent advancement to the desired site. As 
increased distance between insertion and target 
site increases the risk of failure due to a progres-
sive rise in the resistance experienced, a common 
technique for cervical percutaneous leads involves 
introducing the needle in upper thoracic levels, 
between T1 and T4. Challenges for implantation 
in the cervical spine include a changing distribu-
tion of paresthesias as well as an increased risk of 
lead migration, which are most likely related to 
the mobility of the neck at this level [6, 42–44].

Targeted stimulation of the thoracic spinal 
cord on the other hand is used to treat back, lower 
limb, and angina. To target the lower back, ante-
rior thigh, posterior thigh, and legs, spinal cord 
stimulators should be placed at T9–10, T11–12, 
T11–L1, and L1, respectively [41]. In our experi-
ence, the T7–8 levels can be effective targets for 
low back and leg coverage as well. In a 100 
patient study of implantation for refractory 
angina, spinal cord stimulators were introduced 
at the level of T5–6 and advanced rostrally until 
stimulation-evoked paresthesias in the appropri-
ate anginal distribution [45]. At the thoracic level, 
spinal column mobility is limited by attachment 
to the ribs, which may be a factor in the low rate 
of lead migration in this region. However, pos-
tural changes are most likely to cause fluctuations 
in stimulation in the mid-thoracic spine, presum-
ably due to the degree of kyphosis and dorsal 
CSF diameter [6, 43, 44].

Leads placed in the lumbar spinal levels often 
lay directly over the conus medullaris and cauda 
equina as the spinal cord terminates. This has been 
found to be helpful for pelvic, foot, and sacral 
pains. However, stimulation in the cauda equina is 
extremely variable, likely due to how thin the 
nerves are in the CSF, and maintaining consistent 
levels of stimulation can be challenging.

 Surgical Procedure

All patients should undergo imaging of the spinal 
canal in the area where the electrodes and/or nee-
dles will be placed. Noncontrast MRI or CT 
myelography can confirm that there is sufficient 
room in the spinal canal to accommodate the 
introducer needles in the case of percutaneous 
leads and the paddle in the case of paddle leads. 
Neuromonitoring should be used if the patient is 
either under general anesthesia or sedated to min-
imize the risks of neurological injury during lead 
placement.

Percutaneous spinal cord stimulator implanta-
tion is performed with the patient in the prone 
position. Intraoperative fluoroscopy is used to 
localize the spinal anatomy. Local anesthetic 
with a vasodilator is administered by the entry 
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site. A small incision is made off of the midline. 
A large gauge spinal needle (e.g., Tuohy) is 
inserted and used to access the epidural space on 
the midline using a paraspinous loss of resistance 
technique. After removal of the stylet, the elec-
trode is inserted and steered to the desired loca-
tion under fluoroscopic guidance. This process is 
repeated for the opposite side. After the electrode 
is confirmed to be in the desired location, intra-
operative testing can be done by reducing seda-
tion and asking the patient to describe continuing 
pain or new paresthesia distributions. For newer 
high-frequency or paresthesia-free stimulation 
modalities (e.g., HF10), leads are placed anatom-
ically rather than relying on paresthesia mapping. 
If a single electrode is being placed, mapping 
may also be useful to determine physiologic mid-
line. Otherwise, this can be determined anatomi-
cally or, alternatively two unilateral electrodes, 
can be placed on either side of midline. For tun-
neling the wires, another incision is then made 
between the two needles, through which the elec-
trode wires are tunneled and attached to the 
anchoring hardware. For the test implantation, 
the generator remains extracorporeal; however, 
for the permanent implantation, a subcutaneous 
pocket is constructed to accommodate the gener-
ator. Intraoperative fluoroscopy is used prior to 
closure to confirm that electrode position has not 
changed during the anchoring process. Deep tis-
sues and dermis are closed with sutures and a 
clean dressing is applied.

For insertion of paddle electrodes, the patient 
is similarly positioned prone. The level of interest 
is localized with fluoroscopy. A midline incision 
is made, followed by a sub-periosteal dissection 
to expose the lamina or laminae of interest. Bony 
removal can be carried out in standard fashion 
using a combination of high-speed drills, 
Rongeurs, and Kerrisons. The extent of bony 
removal needed will depend on the rostral–cau-
dal exposure needed and the laterality of place-
ment. In some instances, a laminotomy may 
suffice for exposure. In other cases, an adjacent 
level laminotomy or even a full laminectomy 
may be needed to address scarring or soft tissue 
in the epidural space. The key here is to enable 
placement of the paddle lead using a gentle tech-

nique to avoid spinal cord injury. If unacceptable 
resistance is met while advancing the electrode, 
then more bone and/or soft tissue likely needs to 
be removed. Trial templates and spacers may be 
used in preparation for implantation although 
their routine use is not mandatory. If mapping is 
needed, this may proceed as described earlier. 
The electrodes can be similarly tunneled to con-
nect to the IPG.

 Potential Surgical Complications

While major surgical complications are rare, 
minor complications are a common cause of fail-
ure in spinal cord stimulation, with estimates 
ranging from 10% to 40%. Surgical complica-
tions can be further classified as mechanical and 
biological.

Device-related mechanical complications are 
the most common and have occurred in up to 38% 
patients in recent case series. These are frequently 
due to lead migration, lead generator disconnec-
tion, lead fracture, and pulse generator failure. 
Lead migration, the most common complication, 
should be suspected if significant pain relief is 
achieved initially but suddenly worsens or disap-
pears. In experienced centers, this may still occur 
in 13–27% of cases. While this can be fixed with 
reprogramming of the generator, a minor reloca-
tion procedure may be necessary. The other 
mechanical complications require reoperation 
and replacement of hardware [6, 46, 47].

Biologic complications occur in about 7.5% 
of cases and include infection, seromas, hemato-
mas, implantation site pain, epidural fibrosis, spi-
nal cord injury, spinal cord compression, and 
allergic reaction. Infection is the most common 
biologic complication but can be minimized by 
appropriate preoperative antimicrobial skin prep-
aration and postoperative antibiotics. Deep infec-
tions are frequently associated with abscess 
formation. Both superficial and deep infections 
require explantation of hardware and treatment 
with antibiotics. In some case series, almost 50% 
of infections are due to staphylococcal species, 
but frequently no definitive organism is identi-
fied. Major surgical complications, including 
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traumatic spinal cord injury and spinal epidural 
hematomas resulting in spinal cord compression, 
are rare in the hands of experienced surgeons [6, 
46, 47]. Epidural fibrosis, while uncommon, can 
occur with chronic implantation, and depending 
on clinical severity may require stimulator 
removal. Case reports published on this clinical 
complication suggest that epidural fibrosis is pre-
ceded by the development of tolerance to stimu-
lation. Tolerance is a phenomenon whereby 
patients with initial improvements in pain symp-
toms with SCS may experience a progressive loss 
of pain control efficacy. Epidural fibrosis can 
occur over a wide time course, with reports as 
early as 9 months to as late as 17 years postim-
plantation [48].

Fortunately, despite these potential complica-
tions, spinal cord stimulator implantation remains 
an overall safe procedure, especially considering 
that implantation is reversible and can be done 
minimally invasively.

 Side Effects

Conventional, low-frequency tonic stimulation 
almost always results in some degree of pares-
thesias along the previously painful regions, 
which can be uncomfortable for some patients. 
This problem is not observed with high-fre-
quency or Burst stimulation. As briefly described 
earlier, another important side effect of long-
term spinal cord stimulation is the development 
of tolerance. The phenomenon is not fully 
understood, but is thought to occur as a result of 
neuroplasticity diminishing the effects of stimu-
lation on pain pathways over time. Another 
cause is the development of chronic scarring 
over time that decreases the efficacy of stimula-
tion by insulation of the electrical signal [48]. It 
is currently difficult to prospectively predict 
which patients will develop tolerance, but it 
occurs in approximately 29% of SCS cases over 
a 10-year follow- up period. In some cases, 
increasing the pulse amplitude or allowing for 
“washout” periods with no stimulation may help 
counteract the development of tolerance due to 
neuroplasticity [49, 50].

 Efficacy

Spinal cord stimulation is an effective procedure 
to treat chronic pain from a variety of sources [6, 
18, 49, 51, 52]. There is Level I evidence recom-
mending conventional SCS in patients with PLS, 
CRPS, and chronic pain from vascular disease. A 
study by North et al. in 2005 compared patients 
undergoing spinal cord stimulation versus 
repeated spinal surgery for FBSS [53]. They 
showed that patients in the spinal cord stimula-
tion cohort had greater satisfaction with treat-
ment and were less likely to require escalating 
opioid dosage than patients who had repeat sur-
gery. Further, patients who had spinal cord stimu-
lation were unlikely to cross over into the 
reoperation group [53]. On average, studies have 
shown a 3-point decrease in patient’s visual ana-
log scale (VAS) score and a 41.4% decrease in 
pain rating with SCS [51]. Large multicenter tri-
als have also demonstrated improvements in 
quality of life, mood, and satisfaction, which 
were sustained at 12 months [51].

Within the last 5 years, high-frequency SCS 
has been approved with Level I evidence for the 
treatment of chronic refractory pain. A large mul-
ticenter study comparing high-frequency stimula-
tion to conventional stimulation showed a larger 
percentage of responders at 24 months for chronic 
back (76.5% compared to 49.3%) and leg pain 
(72.9% vs. 49.3%). This study also found that the 
degree of pain relief was greater with high-fre-
quency SCS, with an average 5-point decrease in 
back pain score and corresponding 66.9% 
decrease in back pain rating, with similar results 
for leg pain. The absence of paresthesias has also 
been noted as a very attractive factor of high-fre-
quency SCS, likely contributing to improved 
patient satisfaction and decreased pain [19].

At present, there is no conclusive Level I evi-
dence for the use of Burst stimulation. However, 
as the newer Burst stimulation technology has 
been increasingly implemented, there are now 
results from trials comparing conventional and 
Burst stimulation. Burst stimulation was shown 
to be more effective than conventional stimula-
tion for decreasing VAS pain scores in patients 
with PLS and PDPN [18, 27]. In 2017, the 
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SUNBURST (Success Using Neuromodulation 
with BURST) trial studied the safety and effec-
tiveness of Burst stimulation for patients with 
chronic trunk or limb pain. SUNBURST was a 
prospective, multicenter, randomized crossover 
trial with 100 patients undergoing a 12-week trial 
period of both Burst and conventional stimula-
tion modalities. This study found that that not 
only is Burst stimulation safe and effective but 
also that it provides superior pain relief than tonic 
stimulation. Furthermore, with Burst stimulation, 
only 17% of patients experienced paresthesias, 
compared to 92% with tonic low-frequency stim-
ulation. In this crossover study, 68% of patients 
preferred Burst stimulation to conventional stim-
ulation, most often citing the decreased extent of 
paresthesias as the reason [18].

As previously discussed, it is widely accepted 
that the level of pain relief achieved from spinal 
cord stimulation diminishes gradually over time, 
likely due to the development of tolerance. A 
study comparing the initial trial period to perma-
nent implantation showed that there was a statis-
tically significant difference in subjective pain 
score and reliance on opioid use for breakthrough 
pain, though disability indices did not differ. This 
highlights the importance of setting realistic 
expectations when discussing potential benefits 
and risks to potential procedural candidates [23].

 Predictors of Success

A meta-analysis of many factors, including loca-
tion of pain, history of back surgery, initial level 
of pain, litigation/worker’s compensation, age, 
gender, duration of pain, duration of follow-up, 
publication year, method of data collection, study 
design, quality score, method of SCS lead implant, 
and type of SCS lead, did not find any statistically 
significant predictors of success [51]. A retrospec-
tive study revealed lower rates of 6-month satis-
factory pain relief (defined as less than 50% of 
initial pain) in smokers [49, 50]. This may be due 
to poor wound healing, higher levels of inflamma-
tory cytokines, or diminished transmission along 
neural pathways. Patients who had delayed treat-

ment were also observed to have worse outcomes, 
with as low as 9% of patients achieving durable 
pain relief when symptoms had presented 15 years 
prior to treatment. In the context of PDPN, sever-
ity of neuropathy at initiation was found to be 
associated with a greater risk of long-term treat-
ment failure [26].

 Cost-Effectiveness

Spinal cord stimulation is a successful and cost- 
effective intervention for intractable pain. Studies 
on patients with PLS in the early 2000s found 
that spinal cord stimulators become cost neutral 
between 2 and 5 years and cost beneficial after-
wards [54, 55]. The PRECISE study in 2015, a 
large multicenter, longitudinal study in patients 
with FBSS refractory to conventional medical 
management, showed that spinal cord stimulation 
together with conventional medical management 
was cost-effective in over 80% of cases [56]. 
Another longitudinal analysis of patients with a 
history of FBSS between 2000 and 2012 showed 
that while spinal cord stimulator implantation 
results in a short-term increase in healthcare costs 
during the first year, there is a significant decrease 
in the annual cumulative costs over the following 
9 years [55–57]. Since then, multiple follow-up 
studies have affirmed these improvements in 
clinical outcomes, quality of life metrics, and 
cost-effectiveness [58].

For patients with CPRS, SCS with conven-
tional medical management was found to be 
more cost-effective than conventional medical 
management alone. In peripheral arterial disease 
and refractory angina pectoris, Kumar and Rizvi 
were able to show that SCS with conventional 
medical management also portended a benefit in 
terms of quality-adjusted life years [59]. For 
painful diabetic peripheral neuropathy, the cost- 
effectiveness analyses suffer from a lack of high- 
quality randomized controlled studies. Similar to 
the situation in other indications, the high initial 
cost of implantation makes SCS not cost- effective 
for PDPN in the short-term though this may be 
outweighed by the long-term benefits [60].
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 Conclusion

Spinal cord stimulator implantation has been 
shown to be a clinically effective intervention for 
chronic intractable pain that has been refractory 
to conventional medical management. The sim-
plicity of the procedure, low complication rates, 
and ease of reversibility make it an attractive 
therapeutic option for chronic pain. Additionally, 
for PLS, CRPS, and pain from vascular disease in 
particular, the current body of literature has 
shown it to be a reliable and cost-effective long- 
term treatment. Additional studies are warranted 
to determine the efficacy of the newer generation 
of stimulation techniques and other potential 
areas of treatment.
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Peripheral Nerve Stimulation

Pratik Rohatgi, Srinivas Chivukula, 
Alon Kashanian, and Ausaf A. Bari

 Introduction

In 1967, Wall and Sweet reported the first clinical 
use of peripheral nerve stimulation (PNS) in the 
treatment of neuropathic pain. Their hypothesis 
stemmed from the recently advanced gate control 
theory of pain perception, namely, that stimula-
tion of large-diameter cutaneous nerves could 
saturate the transmission of pain impulses by 
smaller nerve fibers, mitigating the central per-
ception of pain [1, 2]. They applied a square wave 
of 0.1 msec pulse width at 100 Hz of increasing 
voltage until paresthesias and/or hypesthesia was 
produced in the receptive field of the nerve in 
question. Remarkably, prior to treating patients, 
the authors tested the technique on themselves by 
placing needle electrodes near their own infraor-
bital nerves and described the sensation as “not 
unpleasant and always tolerable for an indefinite 
period of time” [1]. In the decades since, periph-
eral nerve stimulation has become an important 
tool for the treatment of a variety of disorders 
including neuropathic pain, visceral referred 
pain, musculoskeletal pain, and chronic refrac-

tory pain [3]. In this in this chapter, we discuss 
the biology of peripheral nerves with respect to 
the somatosensory system, biophysics of periph-
eral nerve stimulation, and the use of PNS for the 
treatment of neuropathic pain.

 The Physiology 
of the Somatosensory Peripheral 
Nervous System

In the somatosensory system, information from 
peripheral cutaneous receptors is converted into 
electrophysiologic signals that are processed and 
subsequently transmitted to the central nervous 
system (CNS) [4]. Somatic sensations are broadly 
categorized into several distinct modalities. 
Exteroception is the response of direct interaction 
with the external world through the sense of touch 
(including the sensation of contact, pressure, 
stroking, motion, and vibration), thermal percep-
tion, and pain or nociception. Proprioception is 
the sense of joint and limb position and movement 
transmitted through receptors in skeletal muscle, 
joint capsules, and skin. Interoception is a mostly 
unconscious perception of the major organs and 
their internal state through receptors in the vis-
cera. Afferent, or sensory, nerve fibers can be cat-
egorized by the information they relay to the CNS 
as either general or specialized and either somatic 
or visceral [5]. General somatic afferent (GSA) 
fibers transmit information from exteroceptive 
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and proprioceptive receptors. General visceral 
afferent (GVA) fibers transmit information of 
interoception and visceral pain. Special somatic 
afferents (SSA) transmit visual, auditory, and ves-
tibular sensory input. Special visceral afferents 
(SVA) transmit taste and smell. General somatic 
afferent information from the trunk and peripheral 
extremities is transmitted to the CNS via nerve 
fibers of dorsal root ganglion neurons. Individual 
neurons in each ganglion are specialized to 
respond to specific stimuli through differences in 
morphology and molecular expression at the den-
drite [4]. General visceral afferent, SSA, and SVA 
modalities are mainly transmitted through the cra-
nial nerves of the brain stem.

Dorsal root ganglion neurons originate from 
neural crest cells [4]. These are pseudo-unipolar 
neurons that carry primary afferent fibers. The 
proximal terminal of the neuron synapses with 
neurons of the CNS in the dorsal horn of the spi-
nal cord. The dorsal horn is divided into func-
tional layers of gray matter termed the laminae of 
Rexed 1–10, from superficial to deep [6, 7]. Of 
note, the major nociceptive primary afferents ter-
minate on Rexed laminae I and II [8]. The distal 
termination of the nerve ends in a specialized 
receptor type or exists as a free nerve ending that 
determines the receptive field to which it is tuned 
and in response to which an action potential is 
generated. These neurons are bundled in fascicles 
and joined by efferent motor axons to form a 
peripheral nerve that travels to a specific anatom-
ical part of the body, defining a sensory derma-
tome and muscular myotome. The nerve fibers 
are classified into functional groups by their 
degree of myelination and diameter, which both 
influence nerve conduction velocity. Large- 
diameter axons conduct action potentials more 
rapidly due to lower internal (longitudinal) resis-
tance. The myelin sheath of a Schwann cell 
around an axon increases conduction velocity 
through a process termed saltatory conduction. 
Group A fibers are the most heavily myelinated, 
group B fibers are moderately myelinated, and 
group C fibers are unmyelinated.

Aα, Aβ, and Aγ fibers are large-diameter 
myelinated fibers that convey sensations of touch 
and proprioception transduced by cutaneous, sub-

cutaneous, muscle, and skeletal mechanorecep-
tors. These fibers range in diameter from 6 to 
20 μm with conduction velocities ranging from 36 
to 120 m/s [4]. Slower smaller-diameter axons that 
are lightly myelinated or unmyelinated (Aδ and C 
fibers, respectively) transmit information from 
chemoreceptors, thermal receptors, and nocicep-
tors. Aδ fibers have a diameter of 1–6 μm and con-
duction velocities of 4–36 m/s, whereas C fibers 
have a diameter of 0.2–1.5  μm and conduction 
velocities ranging from 0.2 to 2.0 m/s. Therefore, 
the somatosensory system transmits different 
types of information to the CNS at different rates 
and temporal resolution. Due to its faster conduc-
tion velocity, multiple impulses can be transmitted 
by an Aδ fiber in the same time a type C fiber 
transmits the initial stimuli. Consequently, Aδ 
fibers transmit sensations perceived as pain faster 
than the type C fibers and can respond to changes 
in stimuli more rapidly [9]. Nociceptors inner-
vated by Aδ fibers respond to stimuli perceived as 
sharp, whereas C fibers transmit a dull, burning 
pain that is diffusely localized.

Properties of peripheral nerves can be mea-
sured using cutaneous stimulating and recording 
electrodes placed both proximally and distally 
along the course of a peripheral nerve. By stimu-
lating a cutaneous sensory nerve with a distally 
placed electrode, a proximally placed electrode 
can measure the resulting compound action 
potential, a summation of action potentials from 
each axon within the nerve. An increase in stimu-
lation will result in recruitment of a larger number 
of axons, and those with the largest diameter are 
recruited first due to their lower electrical resis-
tance. Therefore, lower stimulation intensities are 
perceived as tingling through the activation of Aβ 
fibers while increased stimulation results in pain 
through the activation of Aδ and C fibers [4].

 Theories of Pain Perception

Although significant research has been dedicated 
to elucidating the mechanisms that underlie pain 
perception, its physiological basis remains 
unclear. Most frameworks that have been 
 proposed describe a series of observations about 

P. Rohatgi et al.



189

nociception but fail to adequately account for the 
multidimensionality and complexity inherent in 
the experience of pain. In this section, we briefly 
outline three influential theories of pain percep-
tion including (1) the specificity (labeled line) 
theory, (2) the intensity theory, and (3) the gate 
control theory. Later, we will focus on the latter, 
which inspired the development of modern PNS 
for the treatment of neuropathic pain.

 Specificity Theory of Pain Perception

The fundamental tenet of the specificity (labeled 
line) theory is that each sensory modality has 
specific specialized receptor end organs and their 
associated primary afferent sensory fibers that are 
sensitive to a particular stimulus (or family of 
stimuli) [10, 11]. Non-noxious mechanical stim-
uli, for example, are encoded by low threshold 
mechanoreceptors which project through dedi-
cated afferent fibers to mechanoreceptive neu-
rons in the spinal cord and the brainstem and 
from there to higher-order “mechanoreceptive” 
brain regions [11]. Similarly, noxious stimuli 
activate a nociceptor, which projects through 
dedicated pain conducting afferent fibers to 
higher-order pain centers. Such a theory was 
rooted in a belief that the brain, contrary to the 
prevailing idea of much of the eighteenth century, 
is not a “common sensorium,” but rather a hetero-
geneous structure in which nerves with special-
ized functions convey a perceived stimulus from 
a sensory organ to a dedicated brain region for its 
perceptual experience [10–12].

The specificity theory of pain perception found 
validation in the discovery of specific, cutaneous 
touch receptors including Pacinian corpuscles 
(1835), Meissner’s corpuscles (1853), Merkel’s 
discs (1875), and Ruffini’s end organs (1893) [11, 
13–15]. These appeared to provide evidence that 
specific sensory qualities were encoded by dedi-
cated nerve fibers. Moreover, in a series of experi-
ments between 1854 and 1859, Schiff and 
Woroschiloff identified specific pathways for pain 
and temperature transmission within the spinal 
cord (anterolateral pathway) distinct from the 
posterior columns (for tactile sensation) [12]. 

This provided further corroboration that various 
sensory qualities were conducted by dedicated 
fiber tracts. Through the early twentieth century, 
validity for the specificity theory in explaining 
pain perception appeared to grow with the discov-
ery of myelinated fibers (that responded to 
mechanical noxious stimuli) and unmyelinated 
nerve fibers (that responded to chemical nocicep-
tive stimuli) [11, 16, 17]. Indeed, it was the pre-
vailing theory of pain perception until the 
promulgation of the gate control theory by 
Melzack and Wall in 1965, described below [2].

 Intensity and Pattern Theory of Pain 
Perception

A less popular theory that coexisted with the 
specificity theory was the intensity theory. In its 
simplest form, its foundational idea was that 
pain occurs in any sensory system when suffi-
cient intensity is reached through repeated stim-
ulation, rather than by virtue of the stimulus 
itself [11, 18]. An early nineteenth century 
experiment appeared to corroborate this theory 
by demonstrating that repeated subthreshold 
tactile stimulation (below the threshold for tac-
tile perception) produced pain in patients with 
syphilis (with degenerated dorsal columns) 
[18]. This was interpreted to indicate that 
repeated subthreshold stimuli were summated in 
the spinal cord (or elsewhere in the nervous sys-
tem) to produce the sensation of pain. A self-
evident, major shortcoming of this theory is that 
outside of special circumstances (such as 
patients with syphilis) it failed to explain the 
myriad ways in which single (non-summated) 
stimuli could also elicit pain in animal and 
human subjects. The theory was occasionally 
expanded and referred to as the pattern theory – 
a concept of pain perception in which the expe-
rience of pain depended not only on the intensity 
of the stimulus but also on the specific pattern of 
neural firing that it elicited within peripheral 
nerves encoding its transmission [11, 18–20]. 
Due to a lack of experimental evidence, the the-
ory quickly fell out of favor, especially with the 
introduction of the gate control theory.

14 Peripheral Nerve Stimulation



190

 Gate Control Theory of Pain 
Perception

At its core, the gate control theory was an attempt 
to bridge the gap between two dominant theories 
of its era  – the “specificity” and the “intensity” 
theories of pain perception  – by delineating a 
framework derived from aspects of both and 
based on the then available electrophysiological 
data [2]. While the specificity theory proposed the 
presence of dedicated pathways for each somato-
sensory modality, the intensity theory stated that 
any sensation could be elicited by producing a 
specific pattern of neuronal activity within the 
peripheral nerves. Within this context, the gate 
control theory accepted that there were at least 
two fiber types  – small fibers (Aδ and C that 
mediated primarily pain) and touch fibers (Aα and 
Aβ that mediated primarily touch) [11]. In fact, 
the difference in small and large fiber inputs 
played an important role in the elaboration of the 
theory. It had been demonstrated that large fibers 
traversed deeper Rexed laminae of the dorsal 
horn, prior to curving rostrally to enter the sub-
stantia gelatinosa (SG), contained in Rexed lami-
nae II, from the ventral side. Small diameter 
afferents, on the other hand, entered the SG 
directly from the dorsal side. Moreover, high- 
frequency stimulation of the large-diameter sen-
sory fibers appeared to enhance negative potentials 
measured at the dorsal root ganglia, while similar 
stimulation of small sensory afferents enhanced 
positive dorsal root potentials [11, 21, 22]. In dis-
tilling these complex electrophysiological find-
ings into a unified theory of pain perception, 
Melzack and Wall assumed that both large and 
small fibers projected to a common cell popula-
tion that was termed the “transmission” (or T) 
cell, which projected to the forebrain for the con-
scious perception of pain [2]. The output of the T 
cells was modulated by the balance between small 
and large fiber input. Selective activation of large 
fibers was assumed to reduce the net input to T 
cells, by inhibiting (or closing) a presynaptic gate 
located in the SG. Conversely, small fiber activity 
facilitated (or opened) the gate, thereby increas-
ing T cell input. Pain is perceived when T cell out-
put reaches an internal threshold. This occurs 

when small fiber activation of the T cell over-
comes large fiber inhibition.

The fundamental predictions of this seminal 
theory, namely, that stimulation of large-diameter 
fibers should close the gate by reducing activity 
in T cells and thereby diminish pain perception, 
spurred exploration into peripheral nerve stimu-
lation. In 1967, Wall and Sweet reported on their 
outcomes from high-frequency, transcutaneous 
electrical nerve stimulation (TENS) in eight pain 
patients, four of whom had peripheral nerve dam-
age [1, 2, 23, 24]. In all patients, the stimulation 
of large-diameter afferents was analgesic. 
Interestingly, patients with peripheral nerve dam-
age experienced a longer duration of relief after 
cessation of stimulation than patients without 
nerve damage. The rationale for the abolition of 
pain was thought to be the selective Aα and Aβ 
fiber stimulation, while the reappearance of pain 
was thought to arise from a gradual reopening of 
the gate by ongoing small fiber activity. 
Furthermore, because patients with peripheral 
nerve damage presumably had fewer preserved 
small fibers (Aδ and C), the duration of relief fol-
lowing stimulation cessation was longer (or time 
to reappearance of pain was greater) [21].

 Electrical Nerve Stimulation

Nerves transmit cutaneous information by 
means of propagation of action potentials [25]. 
When a stimulus sufficiently depolarizes an 
axon from its resting membrane potential, an 
action potential is propagated along its long 
axis. The resting potential across a membrane 
selectively permeable to a single ion is modeled 
by the Nernst equation, which was subsequently 
expanded in by the Goldman equation for the 
dominant ions influencing the resting potential 
of the neuron [25–28]. Electrical conduction 
along an axon is modeled as a series of parallel 
RC circuits, mathematically modeled by the 
cable equation [29]. Based on this work, the 
threshold amplitude for depolarization of 
myelinated nerves is expected to increase based 
on electrode distance to the fiber and decrease 
based on stimulus pulse duration and fiber diam-
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eter [29]. This is the basis of the differential 
activation of recruitment of different cell and 
axon types, enabling therapeutic PNS.

 Paresthesia-Free Stimulation

PNS, like spinal cord stimulation (SCS), has 
shown great clinical success in recent decades. It 
has the advantage of being targeted to specific 
peripheral nerve distributions, with little to no 
side effects. The stimulation patterns used in 
PNS, however, have historically predominantly 
relied on the production of paresthesias, which, 
based on Melzack and Wall’s gate control theory 
of pain perception, are necessary for analgesia 
[2]. Until recently, the pattern of stimulation used 
in PNS (similar to SCS) has been composed of 
pulse waves at a frequency of 40–50 Hz, a pulse 
width between 300 and 500 μs, and a peak ampli-
tude between 2 and 4  mA [3, 30, 31]. This 
paresthesia- generating pattern is known as 
“tonic” stimulation. In recent years, it has become 
increasingly clear that paresthesias are not neces-
sary for pain relief in SCS. Effective pain relief in 
SCS has also been demonstrated with systems 
delivering pulses in short bursts or continuously 
but in much higher frequencies, both of which 
operate without the generation of paresthesias [3, 
30]. Such paresthesia-free stimulation is becom-
ing increasingly utilized in PNS, although clini-
cal outcomes data remain limited.

 Burst Stimulation

Burst stimulation consists of small bursts of pulses 
rather than continuous streams of pulses. More 
specifically, the pulses are delivered in a series of 
five 1000 μs pulses at a frequency of 500 Hz, with 
an interspike interval of 1000 μs, and spike trains 
repeated at a frequency of 40  Hz [30, 32]. The 
mechanisms by which burst stimulation achieves 
paresthesia-free stimulation are unknown but are 
believed to arise through modified neuronal firing. 
In rodents, increasing the number of pulses in a 
burst, or their pulse width, led to greater reductions 
in the firing rate of neurons within the dorsal horn 

from their baseline [33, 34]. This was especially 
true for wide dynamic range (WDR) neurons, 
which appear to function as the T cells (from the 
gate control theory), and may alter neural trans-
mission from the thalamus to the anterior cingu-
late cortex and influence the perception of pain [3]. 
Burst stimulation also appears to differ from tonic 
stimulation in its effect on dorsal column nuclei (in 
particular, the gracile nucleus). Tonic stimulation 
appears to significantly increase spontaneous 
activity of gracile nucleus neurons (by 20%), com-
pared to no significant change during burst stimu-
lation [30, 33, 34]. Because the gracile nucleus is 
the tactile sensory receiving area for much of the 
information ascending within the dorsal columns, 
this also supports why tonic stimulation results in 
paresthesias, compared to burst stimulation which 
does not.

 High-Frequency Stimulation

High-frequency (HF) stimulation is a more recent 
alternative to burst stimulation for the induction 
of paresthesia-free stimulation. HF stimulation 
involves the use of kilohertz range tonic stimula-
tion (up to 10 kHz) and has shown success in spi-
nal cord stimulation [30]. Its mechanism of action 
appears to be a rapid and reversible conduction 
block of neural activity by inactivation of sodium 
channels along several nodes of Ranvier [30, 35–
40]. HF stimulation appears to block paresthesias 
by inhibiting large-diameter fibers from generat-
ing action potentials. Nerve fibers that are greater 
than 15–18 μm shut down at 4 kHz and those that 
are smaller (8–9 μm) shut down at frequencies of 
around 8  kHz [30, 36, 37]. Medium fibers that 
reduce WDR signaling are activated instead by 
HF stimulation, which leads to decreased pain 
stimulus conduction. Indeed, the mechanisms 
through which HF stimulation mitigates pain 
may be more complex. Although the effect of 
pulse rate has not been systematically evaluated, 
it appears that beyond a certain threshold, pain 
relief may not be significantly different with fur-
ther increases in stimulation frequency [30]. For 
example, in a recent randomized, multicenter, 
double-blind, crossover clinical study of SCS, 1 
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kHz stimulation was compared with 10 kHz stimu-
lation and demonstrated no observable differences in 
clinical outcomes [3, 30, 41]. Future work is nec-
essary to evaluate the role of HF patterns for 
PNS.

 Devices Used for Peripheral Nerve 
Stimulation

Starting with Wall and Sweet in the 1960s, exter-
nalized wire electrodes were percutaneously 
placed adjacent to nerves but the adoption of this 
technique was greatly limited by lack of commer-
cialized equipment [1, 42]. By the 1970s and 
1980s, implantable cuff-shaped electrodes which 
were later supplanted by button-shaped and pad-
dle electrodes were used in a number of clinical 
studies, demonstrating greater than 50% pain 
relief for some patients [42]. These procedures 
subsequently fell out of favor and were replaced 
by a growing interest in SCS, which avoided the 
challenges at that time of surgical nerve exposure, 
electrode positioning, and generation of fibrosis 
around the nerve and electrodes. In 1999, the use 
of percutaneous SCS leads for PNS described by 
Weiner and Reed greatly renewed interest in PNS 
for a variety of pain disorders [43]. Despite grow-
ing evidence supporting PNS, the surgical place-
ment of commonly used SCS systems for PNS 
generally remains “off-label.” These companies 
offer several different features and capabilities on 
their platform, allowing the surgeon to select an 
implant that best matches the patient’s goals for 
therapy. These considerations include battery size 
and recharging ability, whole-body MRI compat-
ibility, the ability implant 1–4 leads with up to 32 
active contacts, choice of programing waveforms, 
and programming interface [44–47]. Each com-
pany offers either paddle or percutaneous lead 
configurations, the latter more commonly used for 
PNS [42]. Recently, percutaneously inserted elec-
trodes powered by an external, transcutaneous 
transmitter and battery pack have been introduced 
by several companies. Examples include the 
Freedom Stimulator by Stimwave, StimRouter by 
Bioness, and the SPRINT PNS System by SPR 
Therapeutics. These stimulator systems have 

FDA approval for PNS throughout the body but 
not for craniofacial nerve stimulation at time of 
publication. This style of stimulator is particularly 
amenable for placement for and treatment of 
intercostal nerve pain, shoulder pain, and extrem-
ity pain along a specific peripheral nerve distribu-
tion [48–52].

 Patient Selection

Peripheral nerve stimulation is generally regarded 
as second-line treatment for chronic pain disor-
ders ranging from localized neuralgias, complex 
regional pain syndrome, post-traumatic pain, 
postherpetic pain, and postoperative pain 
throughout the body [53]. Patients should be co- 
managed with a pain specialist and keep a pain 
diary to track their visual analog scores (VAS) for 
pain. A large portion of the initial patient encoun-
ter should be focused on managing expectations 
and emphasizing that PNS is only one compo-
nent of a comprehensive pain plan. Pain psychol-
ogy evaluation is also advised for patients 
considering implantation of a stimulator [54]. 
Responses to local blocks or TENS treatment 
have not predicted how patients respond to PNS 
[42, 55]. As such, a trial period using externalized 
leads is first completed before a permanent 
implant is considered. As a general guide, patients 
should have a 50% reduction in their VAS scores 
noted in their diary and reasonable expectations 
for treatment with a permanent implant. Some of 
the transcutaneous powered systems described 
above have options for permanent implantation 
in one stage, with a second operation reserved for 
removal if necessary. The duration of a trial var-
ies between institutions, with some concern that 
short duration trials do not adequately account 
for early placebo effect. Still, no systematic ben-
efits of longer trial periods have been reported.

 Surgical Technique

Placement of a SCS for PNS can be performed as 
an outpatient procedure [53]. It is important to 
map and mark the region of the patient’s pain prior 
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to the start of the procedure. Conscious sedation is 
used for trial placement while general anesthesia is 
used for permanent implantation. Patient position-
ing depends on the targeted nerve(s). Ultrasound 
can be helpful to identify the target nerve or its 
associated neurovascular bundle [52]. Once the 
nerve or the region of interest is identified, a small 
stab incision is made just proximal to the pain 
region along the course of the nerve. Minimal to 
no local anesthetic is used to avoid an inadvertent 
nerve block which will eliminate the utility of 
intraoperative testing (if planned) or postoperative 
device programming. Under fluoroscopic guid-
ance, a Tuohy needle is passed subcutaneously 
along the course of the nerve above deep fascia. A 
percutaneous lead is introduced through the Tuohy 
needle which is then removed. It can be useful at 
this point to awaken the patient and apply 
paresthesia- inducing stimulation to ensure ade-
quate coverage and make any lead position adjust-
ments as necessary. Fluoroscopy is used to ensure 
the lead does not migrate while using the Tuohy 
and to document final lead position. The external-
ized lead is secured to the skin with suture and 
sterile dressings. In recovery, the leads are con-
nected to an external generator and initially pro-
grammed to provide paresthesia in the distribution 
of pain without motor contractions. The 
Neurostimulation Appropriateness Consensus 
Committee recommends the use of prophylactic 
antibiotics for no longer than 24 hours after sur-
gery, but studies suggest benefit in using antibiot-
ics during the trial setting for the reduction of 
permanent implant infection [56, 57].

Patients are informed to keep a daily pain 
diary to log their VAS.  The patient is seen in 
clinic after 1–2 weeks, during which time stimu-
lation parameters are adjusted. The electrodes are 
removed in the office and if the patient responds 
well to PNS and wishes to proceed, permanent 
implantation is scheduled in a few weeks to allow 
for wound healing. Images obtained for the trial 
in addition to insight gained from programming 
during the trial period guide permanent electrode 
placement. General anesthesia is recommended 
mainly due to the pain from tunneling subcutane-
ous extension cables and placement of the pulse 
generator. Once the stimulation leads are placed, 

they should be secured to the fascia and excess 
cabling should be used to create a strain relief 
loop. Implantable stimulators are commonly 
placed in subcutaneous infraclavicular pocket or 
in the gluteal region below the belt line but above 
the ischial tuberosity. Each manufacture has 
guidelines on the acceptable depth of implanta-
tion. Lead impedances are interrogated in the OR 
prior to skin closure. The device is turned on in 
the recovery area and programmed to settings 
that provided the best overall pain relief with 
minimal side effects during the trial period.

 Trigeminal Nerve Stimulation 
for Pain

Peripheral nerve stimulation is a useful alternative 
option for treating craniofacial pain refractory to 
pharmacological therapy that is not appropriate 
for traditional surgical procedures such as micro-
vascular decompression and/or percutaneous tri-
geminal rhizotomy procedures. PNS for facial 
pain is addressed briefly in Chap. 32, but dis-
cussed in greater detail here. Since the experi-
ments by Wall and Sweet, stimulation of peripheral 
branches of the trigeminal nerve has been well 
demonstrated to mitigate certain types of facial 
pain. Neuropathic and postherpetic neuralgia pain 
have been the most commonly studied [58–63]. 
Furthermore, trigeminal nerve stimulation (TNS) 
has also shown some promise for the treatment of 
refractory headache disorders [64, 65].

In a case series of TNS published in 2015, 15 
out of 35 patients with intractable craniofacial 
pain trialed with stimulation proceeded to perma-
nent implantation [58]. In this study, indications 
for peripheral trigeminal branch stimulation 
included trigeminal neuralgia, trigeminal neuro-
pathic pain, trigeminal deafferentation pain, 
postherpetic neuralgia, and headache. After a 
minimum follow-up length of 15 months, 73% of 
these patients reported “worthwhile” pain relief. 
Though there were no serious side effects, seven 
patients underwent 12 revision surgeries related 
to hardware complications including three total 
explants. The authors noted that the lancinating 
pain characteristic of trigeminal neuralgia type 1 
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did not respond well to neurostimulation and 
should be managed by traditional treatment 
options. In addition, stimulation of the mandibu-
lar branch for temporomandibular joint was 
attempted in this study but was not found to be 
beneficial. Stimulation parameters appear to be 
patient dependent, as noted in a case series of six 
patients treated with PNS to the trigeminal nerve, 
that were programmed with pulse widths from 
210 to 450 μsec and frequencies between 16 and 
80 Hz [66]. Peripheral nerve stimulation systems 
implanted for the treatment of ophthalmic posther-
petic neuralgia were programmed with similar 
parameter ranges [61]. Amplitude of stimulation 
influenced the intensity of the paresthesias elic-
ited by stimulation and was titrated to comfort.

For trigeminal nerve stimulation, a percutane-
ous SCS lead is placed adjacent to the targeted 
nerve branch. The patient is positioned supine on 
the operating table with head turned toward the 
unaffected side. A small stab incision is made on 
the lateral side of the face, commonly just ante-
rior the tragus where minimal local anesthetic is 
injected. To target the supraorbital or infraorbital 
nerves, the distal tip of a four- or eight-contact 
percutaneous lead is placed 1 cm away from the 
orbital rim and medially past the mid-pupillary 
line (Fig. 14.1). For the mandibular branch, the 

needle is directed toward the chin. In recovery, 
the leads are connected to an external generator 
and initially programmed to provide paresthesia 
in the distribution of pain without producing 
facial muscle contraction. Imaging and insight 
gained from programming during the trial period 
guide permanent electrode placement. The leads 
are tunneled behind the ear and secured both at 
the insertion sites and to the temporalis fascia. 
Extension cables are tunneled behind the ear and 
over the clavicle and connected to the pulse gen-
erator, placed in an infraclavicular pocket.

 Greater and Lesser Occipital Nerve 
Stimulation for Pain

One of the more common uses of PNS is for the 
treatment of occipital neuralgia (ON) and 
related headache disorders. In 1999, Weiner and 
Reed described percutaneous lead placement for 
the treatment of intractable ON [43]. They dem-
onstrated that pain relief could be achieved by 
placing the electrode in proximity to the nerve 
rather than directly on the nerve with paddle 
electrodes or cuff electrodes. Their technique 
was widely adopted and cuff electrodes have 
largely been abandoned in PNS for the treat-
ment of pain [42].

A number of published case series show excel-
lent results with ONS for the treatment of medi-
cally refractory ON, with improvement estimated 
to be as high as 60–90% [43, 59, 67–71]. One of 
the larger prospective studies followed 11 patients 
with occipital headaches over a 12-week period. 
Following ONS, 64% of patients reported a 
decreased headache frequency and 91% of 
patients reduced their medication use [72]. 
Interestingly, ONS has also been shown to 
improve pain associated with disorders of the tri-
geminal nerve, such as cluster headache, which is 
considered a trigeminal autonomic cephalalgia 
[73–75]. In a pilot study, ONS reduced the 
 average number of weekly cluster headache 
attacks by about 80% in eight patients with drug- 
resistant chronic cluster headache [75].

A large interest in using ONS for the treat-
ment of chronic migraines lead to several large 

Fig. 14.1 Intraoperative x-ray for placement of leads for 
infraorbital and mandibular nerve stimulation
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trials, with a meta-analysis of five randomized 
controlled trials (total n = 402) concluding that 
ONS reduced mean severe headache frequency 
by 2.59 days per month after 3 months in com-
parison to patients undergoing sham stimulation 
[76]. The Precision Implantable Stimulator for 
Migraine (PRISM) study compared active bilat-
eral stimulation (stimulation parameters: 250 μs, 
60 Hz, 0–12.7 mA) to sham stimulation in 139 
out of 179 screened patients with episodic or 
chronic migraine. Twelve weeks after implanta-
tion, patients treated with ONS did not report a 
statistically significant difference in daily fre-
quency of migraine compared to those treated 
with sham stimulation, based on daily pain diary 
entries [77]. The authors hypothesized that the 
lack of efficacy was due do the heterogenous 
character of headaches despite using definitions 
defined in the 2004 International Classification 
of Headache Disorders. In the Occipital Nerve 
Stimulation for the Treatment of Chronic 
Migraine Headache (ONSTIM) study, three- 
month responder rates were 39% for patients in 
the adjustable stimulation group, 6% in the sham 
stimulation group, and 0% for those in the medi-
cal management group [78]. A responder was 
defined as someone who achieved a 50% or 
greater reduction in number of headache days 
per month or a three-point or greater reduction in 
average overall pain intensity compared to base-
line. In a multicenter study of 157 patients 
(Clinicaltrials.gov NCT00615342), there was no 
significant difference between active and control 
groups with regard to number of responders 
reaching a 50% reduction in mean daily (VAS) at 
12 weeks, but there were significant reductions 
in pain intensity, headache days, and migraine- 
related disability [79]. The authors published a 
52-week update which reported continued effi-
cacy of ONS for chronic migraine, with 
intention- to- treat analysis showing a 50% reduc-
tion in headache days and/or pain intensity in 
48% of patients [80].

The technique for occipital nerve lead implan-
tation is similar to that of TNS and can be per-
formed with the patient in either prone or lateral 
position. Percutaneous electrodes are introduced 
at the midline and directed laterally above the 

nuchal fascia (Fig. 14.2). Eight-contact percuta-
neous leads span a length long enough to have 
electrode contacts perpendicularly cross both the 
greater and lesser occipital nerves. To ensure the 
distal electrode tip does not pierce the scalp, the 
hair on the back of the head can be clipped. With 
the patient prone, the stimulator battery can be 
easily placed in the gluteal position whereas lat-
eral positioning allows for infraclavicular place-
ment. Surprisingly, in the NCT00615342 study 
referenced above, 70% of patients experienced 
an adverse event, totaling 209 with 183 of these 
device/procedure related [80]. In fact, lead 
migration or dislodgement appeared to be a 
common adverse effect associated with 
implanted ONS, with randomized trials demon-
strating an incidence rate of 10–24% [35, 43, 68, 
69, 76]. The authors of one series suggest the use 
of paddle- type leads instead of cylindrical leads 
to reduce the occurrence of lead migration [69]. 
Yet others report similar rates of migration with 
paddle electrodes [75]. Other variations in tech-
nique include open placement of a cylindrical 
 electrode, a greater number of strain relief coils 
with lead cabling, and varying pulse generator 
placement from a gluteal to infraclavicular loca-
tion [78, 81]. Infection rates vary from 4% to 
30% based on follow-up ranging from 2 months 
to 6 years [76].

Fig. 14.2 Intraoperative x-ray for placement of lead for 
unilateral occipital nerve stimulation
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 Peripheral Nerve Stimulation 
for Postamputation Pain

Amputation can lead to chronic neuropathic pain 
that responds poorly to medication and frequently 
leads to opioid dependence [82–86]. Two types of 
chronic pain may occur after amputation: phan-
tom limb pain (PLP) and residual limb pain 
(RLP). Up to 70–80% of patients experience 
either PLP, RLP, or both [87, 88]. For many ampu-
tees, the pain following amputation can impact 
activities of daily living more than the loss of the 
limb itself [89–91]. Additionally, poor manage-
ment of RLP limits the use of prostheses, further 
impairing function in these patients. Therefore, 
PNS is an appealing treatment for these condi-
tions. In a study of 16 patients with PLP and/or 
RLP, 14 patients responded to stimulation with 
≥75% paresthesia coverage [92]. Nine of these 
patients completed a two-week home trial with a 
percutaneous PNS system and reported a 
56 ± 26% reduction in pain at the end of the trial 
period [92]. In this study, the surgeons used ultra-
sound to guide percutaneous placement of a 
monopolar lead near the femoral or sciatic nerve 
and used stimulation to further validate proximity 
to the nerve while avoiding local cutaneous stimu-
lation [92]. Once the patient reported limb pares-
thesia without cutaneous spread, the monopolar 
lead was replaced with the stimulating electrode, 
at a depth 0.5–2.0 cm shallower than the monopo-
lar lead. In a pilot trial, using a cuff electrode 
wrapped around the sciatic or tibial nerve to 
deliver 10  kHz stimulation, seven patients with 
postamputation pain experienced a 75% reduction 
in pain at the three-month endpoint [93].

 Peripheral Nerve Field Stimulation

Peripheral nerve stimulation differs in principle 
from peripheral nerve field stimulation (PNFS) 
[48]. Peripheral nerve stimulation refers to stimu-
lation of a targeted nerve by an electrode 
implanted in its proximity. Its mechanism of ther-
apeutic benefit is attributed to direct stimulation 
of the nerve. Consequently, the patient’s pain 
must be attributed to a specific nerve and the sur-

geon needs to have a working knowledge of the 
nerve’s anatomical course for proper electrode 
placement. Conversely, PNFS refers to the place-
ment of subcutaneous electrodes in the region of 
the patient’s pain, thus benefiting patients who 
have symptoms that may be less well localized 
[94]. For PNFS, the depth at which the electrode 
is implanted is critical as a shallow placement 
can result in stimulation that is perceived as a 
burning sensation and may lead to skin erosion, 
whereas insertion that is too deep may trigger 
muscle contractions. To program PNFS, frequen-
cies between 20 and 50 Hz and pulse widths of 
90–250 μsec are best tolerated, with higher set-
tings of either parameter resulting in burning or 
pinching sensations [94]. For well-placed elec-
trodes, intensities between 1.5 and 2 mA can pro-
vide patients with pain relief. PNFS has been 
used for the treatment of complex regional pain 
syndrome, neuralgias, post-traumatic pain, and 
postoperative pain throughout the body [94]. In a 
study of 100 patients who underwent PNFS for 
treatment of chronic craniofacial, thorax, lumbo-
sacral, abdominal, pelvic, and groin pain, 72% of 
patients demonstrated a reduction in analgesic 
use after surgery and a mean pain reduction of 
36% [95]. Although the procedures are similar 
and use the same implantable hardware, insur-
ance reimbursement and authorization may be 
more challenging for PNFS than for PNS in the 
United States [9].

 Brain Correlates of Peripheral Nerve 
Stimulation

As described earlier in this chapter, peripheral 
nerve stimulation in its earliest use was grounded 
on the gate control theory of pain perception, in 
which a non-noxious stimulus interferes with the 
transmission of pain-related sensory input [21, 
96]. Mounting evidence indicates that at least a 
part of the pain alleviation may stem from central 
neuromodulation [96]. This may occur on two 
different timescales – acutely from alterations in 
network activity between the peripheral and cen-
tral nervous system and chronically from an inte-
gration of modulated neural activity in the 
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nervous system. Chronic stimulation results in 
adaptive changes in the brain and contributes to 
the therapeutic effect of peripheral nerve stimula-
tion [94, 97]. Data regarding central neuromodu-
lation following PNS are limited to functional 
neuroimaging studies. Most studies that describe 
the central effects of PNS are from vagus nerve 
stimulation (VNS) for epilepsy and depression 
[98–100]. Other peripheral nerve stimulation 
paradigms in which the brain correlates have 
been studied include trigeminal nerve stimulation 
for neuropathic trigeminal pain, occipital nerve 
stimulation for headaches and occipital neural-
gia, and sacral nerve stimulation (SNS) for uri-
nary and fecal incontinence or detrusor 
hyperactivity [75, 101, 102]. In this section, we 
briefly highlight brain correlates of VNS and 
SNS, which may be reflective of patterns of cen-
tral neuromodulation in response to PNS that will 
need to be explored further to truly understand 
the mechanisms by which PNS exerts its effects.

Unlike most PNS, VNS is unique in that the 
vagus nerve carries sensory afferents belonging 
to different categories that synapse on the nucleus 
of the solitary tract (NTS), the dorsal motor 
nucleus of the vagus nerve, and others [96, 97, 
99]. Because the NTS in turn projects diffusely to 
the reticular formation, hypothalamus, thalamus, 
and other cortical and subcortical structures, 
functional neuroimaging studies implicate a 
major role for the thalamus and limbic structures 
in the mechanisms of action of VNS [96]. 
Increased regional cerebral blood flow (rCBF) on 
positron emission tomography (PET) has been 
described in regions of the bilateral, anterior thal-
ami, the cingulate gyrus, hypothalamic, and the 
postcentral gyrus in the acute phase in patients 
implanted with VNS for epilepsy, for instance 
[96]. In contrast, single photon emission com-
puted tomography (SPECT) studies suggest that 
after chronic VNS (at least 6 months of stimula-
tion), there is a general trend toward thalamic and 
limbic inhibition [96, 99, 100, 102, 103]. This 
trend of initial increased activity but delayed 
depression readily explains the efficacy of VNS 
in the treatment of epilepsy. The thalamus sup-
plies excitatory glutamatergic input to the cortex. 
The depression that occurs over the long term 

may not only decrease seizures of limbic origin 
but may also enable the thalamus to serve as a 
gating structure for secondary generalization of 
limbic seizures to the rest of the cortex [96, 103].

VNS is hypothesized to affect clinical depres-
sion due to connectivity of the NTS to several 
regions implicated in the pathogenesis of depres-
sion including the prefrontal cortex, cingulate 
cortex, amygdala, hippocampus, thalamus, and 
basal forebrain [96, 100, 102, 104, 105]. While 
mechanisms by which VNS modulates network 
activity are largely unknown for patients with 
depression, functional neuroimaging studies 
definitively indicate that on both acute and 
chronic timescales they are central to its neuro-
modulatory effects.

Sacral nerve stimulation differs from vagus 
nerve stimulation because vagus nerve nuclei are 
directly located in the brain stem. As such, sacral 
stimulation can serve as a paradigm to under-
stand how peripheral nerve stimulation modu-
lates targets that are not directly connected within 
the central nervous system. Chronic stimulation 
of the sacral S3 nerve is used for urge inconti-
nence and for medically refractory bladder 
hyperactivity. The urge during bladder distension 
may involve the periaqueductal gray, anterior 
cingulate gyrus, insula, thalamus, and cerebellum 
[96, 106, 107]. In functional imaging studies, in 
patients implanted with SNS, acute SNS has been 
found to lead to decreased rCBS in the medial 
cerebellum, insula, and orbitofrontal cortex [96, 
106–109]. After chronic SNS, there is a decreased 
rCBF in the middle cingulate gyrus, the dorsolat-
eral prefrontal cortex, the thalamus, and the cer-
ebellum, among others. In particular, the 
difference between the acute and chronic states 
appears to involve the premotor and the cerebel-
lar regions. This indicates that acute SNS alters 
structures involved in sensorimotor learning (pre-
motor cortex and cerebellum), while chronic 
SNS leads to these regions becoming less active 
while regions involved in central control of mic-
turition becoming more active [96, 106–109].

These two paradigms allow us to conclude 
that pathologies affect multiple brain structures 
both primarily and secondarily. Appropriately 
targeted peripheral nerve stimulation appears to 
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achieve therapeutic benefits by acutely altering 
the relative valence of the various brain structures 
involved through modulating variables such as 
rCBF. Through chronic stimulation, brain regions 
appear to develop adaptive strategies that help 
provide sustained relief. More work is necessary 
to elucidate the mechanisms by which central 
neuromodulation relates to PNS, which may ulti-
mately lead to optimized therapies.

 Peripheral Nerve Stimulation for 
Epilepsy and Depression

Concerningly, as many as 20–30% of patients 
with epilepsy will develop drug-resistant epilepsy 
and thus remain at risk for seizure-related injury 
[110]. Similarly, major depressive disorder can 
become a chronic illness for many patients who 
become refractory to multiple antidepressant 
medications [111, 112]. As such, vagus nerve 
stimulation (VNS) and trigeminal nerve stimula-
tion (TNS) are being studied as treatment adjuncts.

VNS is a neuromodulatory treatment that was 
approved by the FDA in 1997 as an adjunctive 
therapy for epilepsy in adults over 12 years of age 
with partial onset seizures [110]. Treatment con-
sists of chronic intermittent electrical stimulation 
of the left vagus nerve by a cuff electrode con-
nected to an implanted programmable pulse gen-
erator (neurocybernetic prosthesis, Cyberonics, 
Inc., Houston, TX, USA). Following the observa-
tion that stimulation of the vagus nerve of dogs 
demonstrated an anticonvulsive effect, the first 
human patients were implanted in 1988 as part of 
two initial pilot studies [113, 114]. Since then, 
several controlled studies have demonstrated 
both short- and long-term improvement in sei-
zure control. A recent review, including both 
adult and pediatric patients, demonstrated that 
approximately 60% of individuals receiving VNS 
have 50% or greater reduction in seizure fre-
quency [110]. As such, VNS has been widely 
adopted as a treatment of epilepsy and an esti-
mated 100,000 VNS devices have been implanted 
worldwide as of 2014 [115].

Although VNS was not originally intended for 
treatment of depression, Elger et  al. noted 

improvement in mood, independent of effects on 
seizure activity, in patients who received VNS for 
treatment of drug-resistant epilepsy [116]. Rush 
et al. conducted the first trial that systematically 
examined the short-term efficacy (10 weeks) of 
VNS in 30 patients with major depressive epi-
sodes and found that 40% of patients responded 
favorably (greater than or equal to 50% reduction 
in baseline 28-item Hamilton Depression Rating 
Scale (HDRS28) to VNS therapy [117]. Likewise, 
when patients receive long-term treatment 
(greater than 12  months), studies show that as 
many as two-thirds of patients respond favorably 
to VNS therapy [118–120]. However, though 
VNS received FDA approval in 2005 for the 
treatment of depression, multiple systemic review 
studies have concluded that more research, par-
ticularly in the form of randomized control stud-
ies, are needed to convincingly establish the 
safety and efficacy of this therapy for the treat-
ment of depression [118, 121].

The ability to neuromodulate brain activity 
via stimulation of the vagus nerve inspired clini-
cians and scientists to investigate the therapeutic 
potential of other cranial nerves, such as the tri-
geminal nerve. In contrast to the vagus nerve, the 
trigeminal nerve is located more superficially 
and is not associated with the adverse autonomic 
effects potentially seen with VNS [122]. In their 
animal model study, Fanselow et  al. demon-
strated that TNS can cause cortical and thalamic 
desynchronization, resulting in a decrease in the 
number of seizures in awake rats [123]. Based on 
this work, DeGiorgio and colleagues evaluated 
the feasibility of external TNS (eTNS) in adults 
with drug- resistant epilepsy in a series of early-
phase clinical studies [124–126]. Positive results 
from these studies led this same group to con-
duct the first double-blind randomized active-
control trial of eTNS in 50 patients with 
drug-resistant epilepsy. Although the responder 
rate (defined as greater than 50% reduction in 
seizure frequency) was not statistically signifi-
cant between the treatment group and controls, 
40.5% of the 25 patients that received eTNS 
responded to treatment upon evaluation at 
18 weeks. Similar to findings in VNS studies, the 
authors also noted significant improvement in 
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mood, independent of changes in seizure fre-
quency, in those receiving eTNS compared with 
the control group [116, 127]. Although not FDA 
approved, recent analyses have observed a sig-
nificant improvement in both quality of life and 
mood in those using eTNS, as well as a retention 
rates that are comparable to commonly pre-
scribed antiepileptic drugs [128, 129].

Considering the known anatomical connec-
tions of the trigeminal nerve to structures asso-
ciated with mood and regulation and the known 
effects of VNS on both epilepsy and mood, Drs. 
Cook and Schrader conducted the first proof-of- 
concept trial of eTNS in 11 adults with unipolar 
major depressive disorder [130]. Nightly stimu-
lation of the V1 branch was well-tolerated over 
an 8-week period and resulted in significant 
improvement in HDRS28, which decreased from 
a score of 28.0 (s.d. = 6.9) to 14.4 (s.d. = 6.5), as 
well as significant improvement in quality of 
life [131]. Promising results ultimately moti-
vated randomized, double-blind, sham-con-
trolled clinical trials, in which patients 
underwent 10 daily 30-minute eTNS sessions 
for major depressive disorder. Both of these tri-
als demonstrated positive effects of TNS in 
improving depressive symptoms, with a mean 
reduction in HDRS28 of up to 36.15% [132, 
133]. Further studies are currently underway to 
help establish TNS for depression, including 
investigation of subcutaneous TNS as an alter-
native technique [122].

 Conclusion

PNS is not a new field, but still evolving likely 
in large part due to limited regulatory approval 
for this approach. The biophysical underpinning 
relies on differential modulation of peripheral 
nerve fibers of different sizes which convey dif-
ferent aspects of peripheral sensation. Successful 
applications have been detailed in facial, trun-
cal, and extremity pain suggesting PNS as a use-
ful option for peripheral neuromodulation and 
treatment for chronic pain. While work to date 
has largely focused on treatment of chronic 
pain, there is increasing interest in the role of 
peripheral neuromodulation to access and 

 modulate the central nervous system in other 
neurological and psychiatric disorders, such as 
epilepsy and depression.
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 Introduction

In 1980, Merton and Morton created the first 
non-invasive technique for focal modulation of 
the human cortex. They demonstrated that tran-
scranial electrical stimulation (TES) could stim-
ulate motor areas of the brain through the intact 
scalp by using high-amplitude and short-dura-
tion electrical pulses delivered through two sur-
face electrodes [1]. This resulted in the brief 
activation of peripheral muscles known as 
motor- evoked potentials (MEPs) that were 
recorded with electromyography (EMG). 
Although it was immediately clear that TES 

could be tremendously useful for research and 
clinical purposes, the main drawback of TES is 
that it is painful and poorly tolerated [1]. Five 
years later, Barker and colleagues developed a 
stimulating device that overcame many of these 
technical limitations and showed for the first 
time that the brain can be stimulated with mag-
netic pulses through transcranial magnetic stim-
ulation (TMS) [2]. TMS is now routinely used as 
both a clinical and a research tool to investigate 
neurophysiology and cortical properties of excit-
ability and connectivity.

 Scientific Principles of Non-invasive 
Neuromodulation

 Physical Principles of TMS

The fundamental principles of electromagnetic 
induction govern the activation of neurons 
through TMS. In accordance with Faraday’s law, 
a time-varying electrical current I(t) passes 
through the TMS stimulating coil placed tangen-
tially against the scalp and induces a magnetic 
field 



B  perpendicular to the plane of the coil. 
The magnetic field, which typically has duration 
of 100 μs and can reach values up to 4 Tesla, acts 
according to the Biot-Savart law:
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where μ0 is the free space permeability, dl is the 
vector along the windings of the coil C, and r is 
the point of space where the field is being calcu-
lated. 



B induces an electric field 


E  in nearby 
conductors (scalp, skull, and cortical tissue) at a 
proportional intensity [2]. This relation is 
described by Maxwell’s equation:

 Ñ´ = -¶ ¶
 

E B / t  (15.2)

The electric field in the cortex will then gener-
ate large currents of several kiloamps that set free 
charges into motion between intracellular and 
extracellular spaces. When many neurons under 
the TMS coil reach a sufficient level of depolariza-
tion and become simultaneously activated, they 
generate a highly synchronous burst of neural fir-
ing. Note that the strength of electromagnetic 
fields declines with the fourth power of distance 
below the coil. Hence, the depth of penetration is 
limited to the outermost 2–2.5  cm of superficial 
brain tissue [3]. For this reason, magnetic stimula-
tion is particularly suitable for targeting regions in 
the cerebral cortex that lie directly below the skull. 
Magnetic fields readily penetrate the brain without 
attenuation by the scalp or skull, resulting in mini-
mal to no activation of pain receptors [2, 4]. In 
contrast, currents induced on the scalp by TES are 
much stronger than those produced by TMS. The 
direct application of electrical stimuli through 
TES is met with high resistivity from the skull and 
undergoes significant dissipation before it can 
reach underlying brain tissue. Thus, very high 
voltage stimulation on the order of 1–1.5  kV is 
required to induce action potentials in cortical neu-
rons [5]. Due to the strong pain generated at the 
scalp level, clinical use of TES is restricted to 
monitoring motor and spinal cord pathways under 
general anaesthesia [6].

 Physiological Mechanisms of TMS

Neurons are excitable at lower thresholds when 
the induced currents are timed and oriented to 
match the normal flow of postsynaptic current 
[7–9]. As current travels from the dendrites, 
through the soma, and along the axon, it follows 
a pathway of low resistivity. Similar orientation 

selectivity has also been observed in TMS. Even 
the earliest TMS studies have consistently found 
that maximal MEPs are recorded in the motor 
cortex when the magnetic coil is oriented 45° to 
the midsagittal line (Fig.  15.1) [10, 11]. Later 
studies employing advanced neuronavigation 
methods have verified these findings and further 
indicate that the primary motor cortex is opti-
mally stimulated when induced current is perpen-
dicular to the central sulcus [12–14]. Optimal 
alignment of the TMS coil during stimulation 
generates an electric field that maximizes the 
length of neuronal membrane and the number of 
neurons activated by the stimulus, evoking action 
potentials at or near the soma [15–18]. In vitro 
studies indicate that a suprathreshold TMS pulse 
activates layer 5 pyramidal neurons, which gen-
erate a highly synchronous burst of neural firing. 
These cells can then synapse upon specific micro-
circuits in the cortex, including GABAergic neu-
rons in layer 1, supporting assumptions that TMS 
probes both excitatory and inhibitory cortical 
pathways [19, 20]. In summary, the predominant 
activation mechanisms of pyramidal tract neu-
rons are related to the trajectories of current prop-
agation along the axon and the alignment of the 
electric field to cortical columns.

The effects of TMS are highly dependent on 
the instantaneous states of the stimulated neuro-
nal populations. As all behavioural, perceptual, 
and physiological outcomes are influenced by 
neural activation states, studies using brain stim-
ulation methods must account for the initial state 
of the subject by attempting to maintain consis-
tent stimulation conditions across and within 
experimental sessions. In a broad sense, state 
dependence relies on many factors, including: 
levels of fatigue, wakefulness, TMS priming, 
drug influence, and the stimulation environment 
[21]. The effect of state modulation on specific 
neuronal response properties has been elucidated 
through studies of single neuronal units. For 
example, the stimulus-response curve of a motor 
neuron model changes drastically during onset of 
firing, responding even to subthreshold stimuli 
that would not normally reach threshold [22]. 
When tonic drive exceeds the threshold for firing, 
the response plateaus for weak stimuli but reaches 
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a maximum for strong stimuli to produce low fir-
ing rates [22]. Additionally, the timing of the out-
come measure with respect to the TMS pulse 
modulates single unit activity. While a TMS 
pulse applied hundreds of milliseconds prior to 
the onset of activity evoked by a visual stimulus 
can suppress firing rates, the delivery of the pulse 
immediately before the visual stimulus can lift 
subthreshold activity above threshold to facilitate 
firing [23, 24]. Hence, considerations of initial 

activation states provide valuable insight upon 
the dynamics of neuronal interactions and 
response properties within different brain areas 
and can also aid in providing optimal interven-
tions for treatment and rehabilitation [21].

Modelling studies have investigated several 
physiological mechanisms to explain the spatial 
and temporal pattern of cortical activation 
observed from TMS [25]. These mechanisms not 
only rely on the anisotropy and heterogeneity of 

MEP

a

c

b

20 ms

1 
m

V

TMS pulse

Fig. 15.1 Illustration of TMS-induced current propaga-
tion along the corticospinal tract and the corresponding 
MEP response. (a) A figure-of-eight coil is positioned 
over the left motor cortex, oriented approximately 45° 
with respect to the midsagittal line. Coil current is 
depicted by dashed arrows drawn inside coil rim. (b) 
Single-pulse TMS applied over the left motor cortex 

induces current propagates from pyramidal tract neurons 
to spinal motor neurons before terminating on peripheral 
nerves. A pulse with suprathreshold intensity creates a 
visible muscle twitch in the right first dorsal interosseous 
muscle. (c) Motor-evoked potential (MEP) elicited in tar-
get muscle from single-pulse TMS
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conductive brain tissue but also depend on vari-
ous stimulation parameters, such as the geometry 
of the magnetic coil, as well as pulse intensity, 
width, and direction. These factors will be 
addressed in the next section.

 Parameters of Stimulation

The pattern of tissue activation in the cortex can 
be estimated when properties of the external 
electric field are closely controlled. The first 
example is the effect of coil geometry on the 
shape and depth of the induced current. The ear-
liest TMS studies used circular coils, which pro-
duce broad ring-shaped electric fields strongest 
around the perimeter of the coil and weakest 
towards the centre [2]. Figure-of-eight-shaped 
coils were developed to improve the focality of 
stimulation and have been extremely valuable 
for the purposes of therapeutic TMS applications 
and brain mapping. The conventional 70-mm 
figure-of- eight coils consist of two adjacent cir-
cular loops with current flowing in opposite 
directions. The inductance in the centre of this 
coil is approximately twice of that in either of 
the single loops, producing maximal current 
under the coil centre where the two loops meet 
[12, 26]. Another configuration is the Hesed (H) 
coil, which contains complex winding patterns 
that are contoured to the shape of the skull. At 
the expense of reduced focality, the H-coil per-
mits a greater depth of penetration to effectively 
stimulate deeper brain structures [27].

Next, outcomes of TMS depend on a number 
of stimulation pulse parameters. Stimulation 
intensity impacts the specific pathways and neu-
ronal populations that are activated by 
TMS.  Subthreshold stimulation preferentially 
activates trans-synaptic pathways, whereas 
suprathreshold stimulation excites both trans- 
synaptic pathways and axonal pathways deeper 
in the grey matter. With sufficiently high TMS 
intensities, the cerebellum and subcortical struc-
tures can also be targeted. Stimulation paradigms 
that vary according to the frequency and inten-
sity at which TMS pulses are administered can 
assess the involvement of specific pathways and 

neurobiological substrates in cortical excitabil-
ity, cortical inhibition, and plasticity-like effects. 
These will be further discussed in subsequent 
sections. Current elicited by the magnetic field 
can carry a monophasic configuration, in which 
a strong initial current is balanced by a damp-
ened return current, or a biphasic configuration, 
where the initial direction of the current is 
reversed twice. In general, biphasic stimulation 
requires lower intensities and produces smaller 
decay artefacts at the expense of reduced focal-
ity. Interestingly, interactive effects have consis-
tently been demonstrated between the stimulus 
pulse waveform (monophasic vs. biphasic) and 
directionality of current flow induced in tissue 
(posterior-anterior (PA) vs. anterior-posterior 
(AP)). For example, the most effective direction 
for the initial current is opposite for these two 
types of stimulation – monophasic pulses evoke 
stronger responses when administered over the 
motor cortex in a PA direction, while biphasic 
pulses provide more efficient motor stimulation 
when the initial induced current is propagated 
from the AP direction [17, 26, 28]. However, 
conventional monophasic and biphasic TMS cir-
cuits, induced with damped cosine electric field 
pulses, can experience significant decay of 
capacitor voltage over pulse duration [29, 30]. 
The recent development of controllable pulse 
parameter TMS (cTMS) devices allows near 
rectangular electric field pulses to be induced 
while reducing power consumption and coil 
overheating [30]. cTMS permits controllability 
over the width, polarity, number, frequency, and 
duration of pulses that may permit neuronal pop-
ulations with distinct strength-duration charac-
teristics to be selectively activated [31].

 Enhancing TMS 
with Neurophysiological and Neural 
Imaging Modalities

TMS provides a unique paradigm for characteriz-
ing neural networks across healthy and disease 
states. Although behavioural outcomes and phos-
phenes can be characterized to study the prefrontal 
and visual cortices, respectively, the literature has 
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traditionally relied on EMG output to characterize 
the stimulatory effects of TMS. However, there are 
rather limited uses for TMS-EMG in basic research 
and in clinical applications. TMS- EMG is (1) 
restricted to motor brain areas due to its reliance 
on motor output and (2) only permits properties of 
corticospinal excitability to be investigated. These 
shortcomings limit the application of TMS to 
motor cortical regions and prevent functional cor-
tico-cortical connectivity and the instantaneous 
state of the brain from being assessed. To address 
these issues, neurophysiological modalities such 
as electroencephalography (EEG) have been used 
in conjunction with TMS.

 Evoked EEG Responses by TMS

EEG non-invasively measures the electric poten-
tial difference between electrodes that arise from 
the induction of an electric field, i.e. through TMS 
stimulation. The electric activities of tightly 
packed neurons propagate to the surface of the 
scalp as quickly as several milliseconds after the 
induction of an action potential [32, 33]. With a 
high temporal resolution on the order of millisec-
onds, EEG is one of the few modalities that can 
accurately quantify these voltage fluctuations 
along dimensions of time, frequency, and space. 
TMS-EEG measures TMS-evoked potentials 
(TEPs) induced only after the stimulation of func-
tional and intact cortical regions [34]. Mirroring 
the principles of MEPs, TEPs offer a measure of 
cortical reactivity and involve the spatial and tem-
poral summation of excitatory postsynaptic 
potentials (EPSPs) and inhibitory postsynaptic 
potentials (IPSPs) from a large population of 
pyramidal neurons and interneurons [32, 33]. 
Data are typically presented as a waveform of 
varying amplitude as a function of time. Over the 
motor cortex, TEPs demonstrate positive peaks at 
30 ms (P30), 55 ms (P55), and 180 ms (P180) and 
negative troughs at 15  ms (N15), 45  ms (N45), 
100 ms (N100), and 280 ms (N280) [35].

It is well established that TEPs elicited from 
the primary motor cortex reliably exhibit higher 
amplitude responses than TEPs from non-motor 
cortical regions [35, 36]. This can be explained 

by the cytoarchitecture of the primary motor cor-
tex, which contains longitudinally oriented pyra-
midal neurons that propagate electrical activity 
perpendicular to the cortical surface. Since sur-
face EEG electrodes are aligned tangentially to 
the scalp, they are highly sensitive to the radially 
oriented dipoles from motor cortical neurons. 
TEPs have also been extensively characterized in 
the dorsolateral prefrontal cortex (DLPFC), 
showing peaks at P25, N40, P60, N100, and P185 
[35], and are highly reproducible within individ-
uals over premotor, occipital, and parietal regions 
as well [35, 37]. Thus, TMS-EEG is a powerful 
tool to assess physiological relationships in 
human brain networks.

 Physical Considerations to Prevent 
TMS-EEG Artefacts

Some of the greatest technological challenges in 
implementing concurrent TMS-EEG involve the 
maintenance of high-quality EEG recordings 
while the TMS coil induces a large, perturbing 
electromagnetic field in close proximity. The first 
attempts to combine TMS with EEG suffered 
from massive electromagnetic artefacts that were 
several- folds larger in amplitude than that of 
sensory- evoked potentials [38]. This artefact sat-
urated EEG amplifiers for seconds after the pulse, 
precluding the detection of underlying neural sig-
nal. Several improvements in EEG amplifier 
technology have helped to reduce this artefact. In 
a sample-and-hold circuit, electrodes are decou-
pled from the amplifier immediately before the 
TMS pulse, allowing EEG recordings to take 
place as quickly as 2 ms following the pulse [13]. 
As opposed to traditional alternating current 
(AC) amplifiers, direct current (DC) coupled 
amplifiers minimize amplifier saturation and 
eliminate the prolonged negative deflection 
caused by the TMS pulse [39]. The development 
of TMS-compatible EEG electrodes with online 
and offline noise removal techniques can further 
assist to minimize the pulse artefact [40–42].

Artefacts secondary to the electromagnetic 
pulse also contaminate the EEG response. These 
artefacts result from environmental (i.e. power 
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line) and physiological noise (i.e. eye move-
ments, cardiac rhythms, muscle contraction) and 
other TMS-related sources (i.e. TMS-induced 
activation of nearby cranial nerves and muscle 
movement, sensory-evoked potentials from the 
tapping sensation of the coil on the scalp, 
auditory- evoked potentials caused by the loud 
click emitted during a TMS pulse, and movement 
of EEG electrodes) [43]. Careful preparations 
must be taken to mitigate these effects from 
masking the TEP response [44]. For example, 
electrode impedances should be maintained 
below 5 kΩ throughout recordings. A thin layer 
of foam attached under the stimulating coil will 
reduce vibrations and bone conduction. A mask-
ing noise containing specific time-varying fre-
quency components of the TMS click played 
through headphones can prevent contamination 
of TEPs from auditory responses [45–47]. 
Finally, implementing a sham condition to mimic 
the induction of sound and scalp sensations help 
minimize the impact of auditory and 
somatosensory- evoked potentials [48].

Overall, TMS-EEG permits the in vivo assess-
ment of neural processes across numerous brain 
regions and states. Although this combination of 
methods is technically challenging, its cause- 
and- effect approach has allowed scientists to 
expand our collective understanding of numerous 
cortical processes including: functional cortico- 
cortical connectivity, state-dependent excitabil-
ity, and the plastic reorganization of cortical 
circuitry after therapeutic treatment. The main 
shortcoming of TMS-EEG methodology is that it 
offers low spatial resolution on the order of centi-
metres. Hence, the combination of TMS-EEG 
with neuroimaging methods (stereotactic MRI) 
gives rise to a powerful multimodal setup to mod-
ulate and characterize neural networks with a 
high degree of spatial and temporal precision.

 Stereotactic Navigation Systems 
in TMS

Typical TMS methods that use standard coil loca-
tions based on cranial landmarks or electrode 

positions on an EEG cap cannot account for 
intersubject variability in cortical anatomy or 
skull sizes [49, 50]. Additionally, subtle changes 
in coil position and orientation can alter the direc-
tion of current flow across neurons [51, 52]. 
Inconsistent selection of the stimulation site is 
regarded as one of the highest sources of error in 
TMS outcomes [10, 53]. These technical and 
methodological limitations can confound clinical 
interpretations and obscure the reliability of pre-
operative mapping for cortical regions [9]. Many 
of these fundamental issues historically associ-
ated with TMS can be resolved by employing an 
optical tracking system so that stimulation proce-
dures can reference and adhere to an individual’s 
specific brain anatomy.

Navigated TMS (nTMS) is based on the prin-
ciples of frameless stereotaxy and is acquired by 
combining an individual’s T1-weighted magnetic 
resonance imaging (MRI) scan into a 3D recon-
struction of their head and brain anatomy. 
Infrared cameras are placed around the room to 
detect trackers fixed to the stimulating coil and 
mounted on the subject’s head. The navigation 
software communicates with these trackers while 
cranial landmarks are marked with a digitizing 
pen to align the MRI head model with homolo-
gous points on the participant’s physical head. 
Once co-registration is completed, the desired 
stimulation sites and TMS coil can be visualized 
over the participant’s structural brain image for 
the duration of stimulation. Now, coil location, 
coil orientation, and estimates of the induced 
electric field can be optically tracked and reliably 
reproduced across several stimulation sessions 
for the same subject. A nTMS system allows for 
highly accurate coil placement (position 
error  =  1.2  mm, orientation error  =  0.3°) and 
greater consistency of MEPs recorded during 
TMS (ICC = 0.97), compared to non-navigated 
trials (position error  =  5.5  mm, orientation 
error = 3.3°, ICC = 0.93) [54]. This is true even 
for simple processes, such as locating the motor 
hand region to determine the motor hotspot [55]. 
Thus, nTMS offers significantly enhanced spatial 
accuracy between and within sessions over con-
ventional TMS methods.
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 TMS as a Research Tool

TMS stimulation paradigms open up the possibil-
ity for particular physiological pathways to be 
probed in vivo for mechanistic investigations of 
cortical excitability, inhibition, and plasticity. 
Many of the following paradigms, including 
short interval cortical inhibition, intracortical 
facilitation, long interval cortical inhibition, and 
paired associative stimulation, rely on an out-
come measure assessed with EMG, EEG, or both 
of these methods. Meanwhile, oscillatory activity 
can only be interpreted from EEG recordings. Of 
note, all of these protocols first require motor 
threshold assessments using TMS-EMG to estab-
lish the intensity of stimulating pulses.

 Motor Threshold

Motor threshold (MT) characterizes an individu-
al’s level of corticospinal excitability through glu-
tamatergic neurotransmission and is used as a 
reference to guide the intensity for any type of 
TMS paradigm (e.g. paired-pulse TMS to charac-
terize cortical inhibition). MT is determined by 
applying single-pulse TMS over the motor cortex 
while the coil is placed at an optimal position to 
elicit MEPs from the target muscle (i.e. right 
abductor pollicis brevis (APB) muscle). Resting 
motor threshold (RMT) is defined as the minimum 
stimulus intensity to evoke MEPs with peak-to-
peak amplitude of over 50 μV in at least 5 out of 
10 consecutive trials in the relaxed target muscle. 
In depression, left hemispheric RMTs are signifi-
cantly higher than right hemispheric RMTs, sig-
nalling frontal interhemispheric asymmetry [56, 
57]. We will discuss later in the repetitive TMS 
section how these observations provided the initial 
basis for targeting frontal areas to treat depression 
with TMS.  Altered RMT levels have also been 
reported in patients with stroke or neurodegenera-
tive disorders, including Alzheimer’s disease [58] 
and amyotrophic lateral sclerosis [59]. Most stud-
ies report normal RMT in Parkinson’s disease [60, 
61], although the accuracy of this measurement 
may be impeded by involuntary contractions 
caused from tremor and rigidity [62].

 Paired-Pulse TMS to Assess Cortical 
Inhibition and Excitation

TMS applied in a paired-pulse sequence is used 
to modulate the excitability of cortico-cortical 
interactions in the human cortex. Paired-pulse 
TMS (ppTMS) involves the application of a con-
ditioning stimulus (CS) and a subsequent test 
stimulus (TS). Depending on the inter-stimulus 
interval (ISI) and CS intensity, an increase or 
decrease in the conditioned TMS-evoked 
response can be observed when compared with 
the unconditioned response (Fig. 15.2) [44].

Short interval cortical inhibition (SICI) 
involves a subthreshold CS, set at 80% of the 
RMT intensity, delivered 2–3  ms prior to the 
suprathreshold TS. SICI is thought to arise due to 
the activation of low threshold inhibitory inter-
neurons through the CS, which generate IPSPs to 
inhibit the cortical response to the subsequent TS 
[63]. SICI is linked to GABAA receptor-mediated 
inhibitory neurotransmission, as SICI is increased 
by medications that facilitate GABAA receptor 
activity and decreased by GABAA reuptake 
inhibitors [64, 65]. Further supporting a role of 
GABA, SICI exhibits a similar time course as 
GABAA receptor-induced IPSPs [66]. Reduced 
SICI has been described in schizophrenia patients 
at varying stages of illness, including: high-risk 
individuals, first-episode patients, and chronic 
patients [67–69]. Further, studies have indicated 
a correlation between SICI strength with positive 
symptoms of schizophrenia and cognitive dys-
function [67, 70, 71]. The persistence of these 
deficits at different stages supports the theory of 
GABAAergic dysfunction in schizophrenia.

Intracortical facilitation (ICF) is induced 
using a similar paradigm to SICI but involves 
longer ISIs between 7 and 30  ms. Excitation 
indexed by ICF is primarily associated with the 
activity of NMDA receptors and GABAergic cir-
cuits and may arise from the summation of 
EPSPs from the CS and TS [72]. TMS-EEG 
studies have demonstrated that SICI and ICF 
bidirectionally modulate the P60 component of 
TEPs in both the motor cortex and DLPFC, 
implying that these two measures rely on similar 
mechanisms across different cortical regions 
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[72, 73]. Similar to SICI, changes in ICF have 
also been linked to patients with schizophrenia. 
However, this has only been demonstrated in the 
DLPFC and is not associated with deficits in 
cognitive function [71]. Finally, alterations in 
intracortical excitability may occur in acute 
stroke that persist into the chronic stage of stroke 
recovery. Although variable results have been 
obtained by different groups [74, 75], some 
researchers report significant differences in the 
thresholds for contralesional ICF and ipsile-
sional SICI in chronic stroke patients, correlat-
ing to their performance on a motor function task 
[76]. Following rehabilitation treatment with 
low frequency repetitive TMS, one study showed 
an increase in ICF but not SICI [77], perhaps due 
to the greater contribution of spinal mechanisms 
to ICF.  Hence, ICF as a measure of cortical 
excitability may carry potential clinical utility 
for tracking functional improvements in post-
stroke recovery.

In long interval cortical inhibition (LICI), a 
suprathreshold CS is paired with a suprathreshold 
TS at long ISIs between 50 and 200 ms, inhibiting 
conditioned MEPs and TEPs [48, 78]. 
Pharmacological studies have related the neurobio-
logical basis of LICI to slow IPSPs mediated 
through GABAB receptors, as LICI is increased by 
GABAB receptor agonists in both the motor cortex 
and DLPFC [79, 80]. Further, maximum inhibition 
from LICI is achieved when the CS precedes the 
TS by 100–150 ms, consistent with the time course 
associated with GABAB receptor activity [81, 82]. 
LICI demonstrates high test- retest reliability in 
both the motor cortex and DLPFC [83], and similar 
mechanisms likely mediate both EMG and EEG 
suppression through LICI [48]. LICI-evoked 
changes in TEP components and oscillatory power 
are strongly associated with schizophrenia [84, 85] 
and alcohol dependence [86] and predict treatment 
response to magnetic seizure therapy in treatment-
resistant depression [87].
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Fig. 15.2 TMS-EEG measures of cortical excitability. 
(a) TMS-evoked potentials after DLPFC stimulation. 
Traces represent average across 100 trials from the F3 
electrode for one healthy volunteer. The effect of the CS 
on the TS is highlighted here in comparison to the single- 
pulse condition where TS is administered alone. The CS 
modulates the N100 deflection in a clear manner. N100 is 

typically increased in the SICI and LICI conditions and 
decreased from ICF, when compared against the SP con-
dition. (b) The topographical distribution of the N100 
component of SP, SICI, and ICF paradigm is localized 
bilaterally, as demonstrated in previous studies. (Figure 
adapted with permission from Lioumis et al. [44])
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 Plasticity

Paired associative brain stimulation (PAS) pro-
vides a reliable and non-invasive method to 
assess long-term potentiation (LTP)-like or long- 
term depression (LTD)-like plasticity. In the 
human cortex, PAS involves the pairing of a 
suprathreshold electrical stimulus applied to a 
peripheral nerve (i.e. median nerve) with a supra-
threshold TMS pulse applied to the contralateral 
cortex. The ISI is selected according to effects 
evoked by spike-timing-dependent plasticity, 
whereby synaptic transmission is facilitated 
when presynaptic input precedes postsynaptic 
excitation (via longer ISIs of 21.5–25  ms) and 
inhibited if postsynaptic excitation precedes pre-
synaptic input (via shorter ISIs ~10 ms) [88]. Of 
note, the modulatory effects of PAS are specific 
to the region of stimulation and can be used to 
explore cortico-cortical connectivity across dif-
ferent frequency bands with EEG [89, 90]. 
Plasticity can also be evoked at the level of the 
spinal cord with limb-specific ISIs, whereby 
orthodromic volleys induced via TMS travel 
down through the corticospinal tract and meet 
with antidromic volleys induced by peripheral 
nerve stimulation in lower motor neurons [91]. 
Recently, spinal PAS has been shown to enhance 
recovery of function in individuals with incom-
plete spinal cord injuries [92, 93]. In general, the 
utility of PAS in clinical populations can help 
elucidate biomarkers of abnormal synaptic plas-
ticity, which is a pathophysiological feature of a 
number of psychiatric and neurological disor-
ders, including: major depressive disorder [94], 
schizophrenia [95, 96], Alzheimer’s disease [97], 
Huntington’s disease [98], and Parkinson’s dis-
ease [99]. Other plasticity-inducing brain stimu-
lation protocols, such as repetitive transcranial 
magnetic stimulation and theta burst stimulation, 
are increasingly being used for therapeutic pur-
poses and will be discussed later.

 Cortical Oscillations

Oscillatory activity (discussed in detail in 
Chap. 9) reflects momentary brain states and is 

associated with specific behavioural and cogni-
tive functions. The most studied frequency bands 
include: delta (1–3  Hz), theta (4–7  Hz), alpha 
(8–12  Hz), beta (12–28  Hz), and gamma (30–
50  Hz). Lower-frequency oscillations are tradi-
tionally associated with different stages of the 
sleep cycle, while those in the higher frequency 
range are more closely related to motor and cog-
nitive control. Although the mechanisms under-
lying the generation of cortical oscillations are 
still under investigation, TMS-EEG can elucidate 
the functional specificity of brain rhythms 
through network effects [46, 100] and carries a 
potential role in the diagnosis of clinical disor-
ders. TMS evokes a brief period of phase align-
ment in EEG oscillatory activity, which can be 
decomposed into time and frequency components 
through offline data analysis [43]. Under this 
approach, abnormal amplitude and synchroniza-
tion of gamma oscillations have been identified 
in frontal regions of schizophrenia patients [47] 
that relate to the severity of positive symptoms 
and performance in a verbal memory task [101]. 
Meanwhile, Parkinson’s disease patients display 
a specific TMS-induced increase in beta oscilla-
tions [102]. Alpha asymmetry has been estab-
lished as a marker for cortical hypoactivity in 
depression [103, 104]. A recent longitudinal 
study revealed significant increases of TMS- 
evoked alpha oscillations in ischemic subcortical 
stroke patients at baseline, correlating with clini-
cal improvements during follow-up evaluations 
40 and 60 days later [105]. These findings sug-
gest that alpha activity may be used as a predictor 
for motor recovery in stroke. In summary, TMS- 
EEG research has provided new views on brain 
oscillations as potential physiological biomark-
ers for clinical disorders.

 Clinical Applications of TMS

 Repetitive TMS

While a single TMS pulse produces short-lived 
effects on neural activation, repetitively applied 
pulses can induce neural modulation that out-
lasts the period of stimulation [106]. In this 
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regard, repetitive TMS (rTMS) carries tremen-
dous potential in therapeutic applications. 
Currently, rTMS is an FDA-approved treatment 
to alleviate symptoms of medication-resistant 
depression. Three of the most common protocols 
employed to treat depression include: low-fre-
quency rTMS (<1  Hz) applied over the right 
DLPFC to reduce cortical excitability [107], 
high-frequency rTMS (5–20  Hz) targeting the 
left DLPFC to facilitate cortical excitability 
[108], or both stimuli applied in a sequential 
bilateral fashion [109]. These paradigms typi-
cally involve suprathreshold pulses administered 
for long durations (10–40 min) and are thought 
to modulate metaplasticity by inducing complex 
changes in gene regulation, de novo protein 
expression, and morphology [110]. Many sham-
controlled studies support the antidepressant 
efficacy of rTMS, as depressive symptoms are 
significantly reduced after 2–4  weeks of treat-
ment [111, 112] and the odds of retaining remis-
sion are improved by several-fold with rTMS 
[113, 114]. TMS investigations have not pro-
vided clear evidence for a systematic influence 
of non-motor rTMS on RMT of MEPs [115–
117], suggesting that stimulation intensity for 
rTMS need not be adjusted over the course of 
treatment to improve efficacy. On the other hand, 
EEG studies have consistently demonstrated that 
high frequency rTMS applied to the left DLPFC 
increases alpha band power when depressed 
patients are in the awake state [118–120], while 
decreases in alpha power during rapid eye move-
ment (REM) sleep correlate with treatment out-
come [121]. The neurobiological underpinnings 
of the antidepressant effects from rTMS cur-
rently remain under investigation.

Overall, rTMS has yielded promising results 
to ameliorate depressive symptoms and holds 
potential for treating other disorders including: 
anxiety, post-traumatic stress disorder, stroke, 
pain, and schizophrenia. Unfortunately, rTMS 
involves long session lengths that are repeated 
over several weeks, which restrict treatment 
capacity and increase cost per session. Hence, 
researchers are exploring novel methods of 
applying rTMS that can help improve accessibil-
ity and cost-effectiveness of treatment.

 Theta Burst Stimulation

Theta burst stimulation (TBS) is a rTMS protocol 
that involves bursts of subthreshold pulses applied 
with high frequency (50 Hz) at an interburst inter-
val of 200 ms [122]. By mimicking endogenous 
theta rhythms, TBS improves induction of long-
term synaptic potentiation effects and requires 
lower intensities and duration of stimulation in 
comparison with other rTMS protocols [122, 
123]. One form of TBS, known as intermittent 
TBS (iTBS), delivers 600 pulses in only 3  min 
and is superior to sham treatment for medication-
resistant depression [124, 125]. Recently, a large 
multicentre, randomized, non- inferiority clinical 
trial demonstrated that iTBS reduces symptoms 
of depression on a level equivalent to standard 
rTMS procedures [126]. These findings suggest 
that widespread incorporation of iTBS in rTMS 
clinics could increase the number of patients that 
can be accommodated for treatment by three- to 
fourfold. TMS-EEG studies provide direct evi-
dence for a modulatory effect of iTBS on DLPFC 
cortical reactivity, as later TEP peaks and theta 
power are increased following iTBS [127, 128]. 
Pharmacological studies reveal that TBS-induced 
plasticity may rely on complex interactions 
between the glutamatergic, dopaminergic, and 
GABAergic networks. To optimize the therapeu-
tic efficacy of TBS, further research is necessary 
to identify the neurobiological mechanisms of 
TBS effects, as well as TMS- EEG biomarkers 
that can help predict TBS response.

 nTMS in Preoperative Mapping

Surgical resection involves a trade-off between 
preserving brain function and minimizing the 
presence of residual tumour after treatment. To 
achieve optimal and safe resections, intraopera-
tive brain mapping through direct cortical stimu-
lation (DCS) is used to obtain the functional and 
anatomical topography of individual patients. 
Intraoperative brain mapping is considered the 
gold standard to obtain this information reliably. 
However, intracranial recordings require diag-
nostic surgery and present a high risk of compli-
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cations [129]. Thus, functional maps obtained 
non-invasively and outside of the operating the-
atre are of great use to assist with neurosurgical 
procedures. The most widely adopted neuroim-
aging method for this purpose is functional MRI 
(fMRI). Yet fMRI carries poor temporal resolu-
tion and provides an indirect measure for assess-
ing functional effects from cortical activation 
[130, 131]. Moreover, with most analytic 
approaches, fMRI identifies all areas involved in 
language, but not necessarily brain regions that 
are essential to language  – which is what is 
important surgically. In recent years, nTMS has 
been increasingly utilized for pre-surgical func-
tional mapping for brain tumours and epilepsy, as 
it establishes a causal link between the stimulated 
section of the brain and observed behavioural 
responses in a manner analogous to DCS [132]. 
Reports describe nTMS as a reliable technique to 
map motor and language processes, which influ-
ences preoperative planning and improves surgi-
cal outcomes. Furthermore, nTMS is 
well-tolerated by healthy subjects and neurosur-
gical patients [133, 134].

 Motor Mapping

Conventionally, motor responses are assigned a 
colour code that represents the MEP amplitude 
evoked from a specific region of stimulation. 
nTMS maps are an ensemble of coloured markers 
that correspond to stimulation spots and are over-
laid on the individual’s MRI scans. Visual inspec-
tion of these maps allows resectable vs. 
non-resectable areas to be easily identified 
(Fig. 15.3). These anatomical and functional data 
can be transferred to the operating room to guide 
surgery for rolandic lesions and intraoperative 
mapping procedures.

In mapping the motor cortex, a strong correla-
tion exists between the spatial accuracy of nTMS 
with that provided by intraoperative DCS. Very 
low discrepancies (5–10 mm) occur when nTMS 
and DCS are used to locate the motor hotspot 
[135, 136]. Compared to fMRI, nTMS has more 
precise spatial resolution and can be implemented 
preoperatively with greater ease [137]. 

Interestingly, nTMS is more accurate than fMRI 
for mapping cortical areas (i.e. upper extremi-
ties), but less accurate for subcortical regions (i.e. 
lower extremities) [138]. Overall, the results of 
nTMS mapping induce modifications in preop-
erative planning and lead to a positive effect on 
clinical outcomes. One study, which assessed the 
broad impact of nTMS on surgical planning in 73 
patients with rolandic brain tumours, reported 
that nTMS confirmed the expected anatomy in 
22% of patients, prompted the identification of 
high-risk functional cortical areas in 27%, and 
modified the surgical approach in 16% [139]. In 
addition, surgical and oncological outcomes are 
improved when patients receive preoperative 
nTMS mapping, as demonstrated by a lower 

Fig. 15.3 nTMS somatotopic mapping for a rolandic 
tumour patient (patient #3). Each stimuli point is coloured 
according to the EMG channel with the highest amplitude 
MEP output. The peeling depth of the 3D magnetic reso-
nance imaging was set to 25 mm to visualize the tumour 
(red arrow) with the central sulcus. Green, abductor pol-
licis brevis; yellow, abductor digiti minimi; pink, first dor-
sal interosseous; blue, tibialis anterior; grey, no response. 
(Original figure obtained from Picht et al. [152], with per-
mission from Oxford University Press)
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postoperative rate of residual tumour and 
improved progression-free survival [139–141]. 
In summary, nTMS provides an accurate method 
to assess motor topography and identify eloquent 
motor cortical areas that would otherwise cause 
permanent neurological deficits if removed.

 Speech and Language Mapping

As for preoperative motor mapping, fMRI and 
nTMS have also been used to study language lat-
erality as an alternative to invasive DCS proce-
dures in awake craniotomy or through an 
implanted subdural electrode grid. The most 
commonly used language task is visual object 
naming, during which the subject is asked to 
name objects that are presented visually while 
short trains of repetitive nTMS (rnTMS) pulses 
are targeted to a specific cortical site to disrupt 
naming. Offline video analysis of the mapping 
session can reveal which stimulation sites (i.e. 
left Brodmann area 44, Broca’s area) produce 
dysarthria, hesitation, anomia, phonological 
errors, or semantic errors. These data are allo-
cated to their respective anatomical location in 
MRI scans to produce a language map. This map 
is particularly useful in guiding neurosurgical 
planning for patients with focal pathologies 
located in the perisylvian areas [142].

Both rnTMS and DCS are lesion-based 
approaches that allow accurate targeting of elo-
quent speech areas [143]. rnTMS is generally 
more sensitive but less specific than DCS for 
detecting classic motor speech areas, as resection 
of some rnTMS-positive and DCS-negative sites 
results in no major language complications [144, 
145]. The oversensitivity of rnTMS results may 
be attributed to human error during offline video 
analysis whereas only very clear responses are 
kept during online DCS mapping [144]. 
Meanwhile, rnTMS rarely yields false-negative 
results. This implies that rnTMS language map-
ping may be helpful in creating “negative maps” 
to prescreen for unlikely language sites. 
Moreover, intra- and interindividual replicability 
are typically highest for frontal areas identified 
through rnTMS rather than temporoparietal areas 

[146]. In comparing preoperative fMRI language 
mapping to intraoperative DCS mapping, a 
review of nine studies suggests that fMRI is not a 
feasible alternative to DCS for analysing brain 
lesions located in language areas [147]. As out-
lined above, passive functional imaging methods 
are unable to differentiate those regions essential 
for function from those that are merely coacti-
vated, hampering its accuracy when mapping 
eloquent language areas during language testing 
[148, 149]. rnTMS has been increasingly used 
over fMRI in recent years due to its superior sen-
sitivity, already replacing fMRI at several institu-
tions as the primary method for non-invasive 
preoperative language mapping [142, 150].

In summary, preoperative nTMS holds tre-
mendous promise for accurately mapping elo-
quent regions to assist with surgical planning and 
improving patient safety. However, we must 
emphasize that it is not intended to replace intra-
operative DCS procedures. The intrinsic limita-
tions of the navigation system, such as those 
imposed by co-registration errors, variations in 
optical tracking of the TMS coil, and variability 
of brain volumes over time, continue to prevent 
nTMS from attaining the same degree of spatial 
accuracy as DCS [142]. Rather, nTMS should be 
regarded as a helpful adjunct to DCS and improve 
the reliability of results. The coherency of the 
two maps can help guarantee the functional orga-
nization of the network to extend resections while 
preserving function in order to maintain patients’ 
quality of life. Future improvements to broaden 
the application of nTMS may be achieved by 
implementing complementary diffusion tensor 
imaging procedures for fibre-tracking data [151] 
or magnetoencephalography to help detect the 
sources and spread of epileptic activity [136].

 Conclusion

TMS has great promise as a non-invasive neuro-
stimulation technique that can help elucidate the 
physiological properties of cortical areas. The 
physical and physiological mechanisms of TMS 
must be carefully considered when it is used to 
modulate specific cortical processes and regions. 
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When combined with EEG, almost the entire cor-
tical mantle can be investigated. This includes the 
DLPFC, which is implicated in the pathophysiol-
ogy of many mental disorders and is currently 
targeted with rTMS and iTBS protocols to ame-
liorate depressive symptomatology. TMS-EEG 
can further probe the pharmacological and thera-
peutic treatment effects on specific TEP compo-
nents and cortical oscillations. These studies have 
provided essential insights upon the involvement 
of the GABAergic inhibitory network and gluta-
matergic system in neuropsychiatric disorders 
and can further provide biomarkers that may be 
crucial in predicting a patient’s response to dif-
ferent kinds of therapy. Integration of TMS with 
MRI-guided neuronavigation allows consistent 
selection of the stimulation site, which offers a 
valuable tool to map functionally eloquent areas 
and improve surgical outcomes. Equally impor-
tant, MRI-guided TMS-EEG provides an accu-
rate assessment of brain dynamics, potentially 
serving as a reliable biomarker.
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Ablation: Radiofrequency,  
Laser, and HIFU

Anita P. Bhansali and Ryder P. Gwinn

 Radiofrequency Ablation

 History and Development

The first reported neurosurgical application of 
radiofrequency ablation (RFA) was in the treat-
ment of trigeminal neuralgia in 1931; Kirschner 
applied the RF electrode to the gasserian ganglion 
in order to induce thermocoagulation and thus 
pain relief [1]. Fenelon used RFA in the 1950s to 
treat the motor symptoms in Parkinson’s disease 
(PD), using an open procedure and lesioning the 
ansa lenticularis [2]. Others would go on to build 
on these techniques, eventually settling on lesions 
in the globus pallidus internus (GPi), thalamus, 
and the subthalamic nucleus (STN) and using 
pneumoencephalography to guide a catheter to 
the target via a burr hole in place of a craniotomy. 
Spiegel and Wycis would combine pneumoen-
cephalography, an early stereotactic frame called 
a stereoencephalotome, and RFA to perform palli-
dotomies in a series of PD patients; they published 
their results in 1957 [3].

Around the same time that RF lesioning was 
being explored for movement disorders, similar 
procedures were being done for behavioral and 
mental disorders that would go on to shape the 
field of epilepsy surgery. Stereotactic RF lesion-
ing of the amygdala-hippocampal complex in 
aggressive patients who also had epilepsy showed 
a decrease in seizure frequency [4]. The rhinen-
cephalic RFA, in which multiple RF lesions are 
created in the temporal lobe and its efferents, 
entered regular use in the 1980s [5]. In 1995, 
Patil combined serial RF ablations in the treat-
ment of mesial temporal lobe epilepsy (MTLE) 
with CT scans after each lesion, in order to track 
the size and trajectory of the ablation [6]. In 
1999, Parrent and Blume built on this strategy by 
using MRI imaging to track the ablation, and they 
made note that more coagulations led to more 
consistent tissue ablation within the target com-
plex, which then resulted in better seizure control 
[7] (Fig. 16.1).

With the advent of the carbidopa-levodopa 
combination in the 1960s to control the symp-
toms of PD, neurosurgical procedures for this 
condition declined, although interest was 
renewed when the side effects of the medica-
tions, particularly the dosing-related motor 
fluctuations, became apparent [8]. Laitinen 
et  al. published their results replicating 
Leksell’s posteroventral RFA pallidotomy in 
Parkinson’s patients in 1992 [9], done under 
local anesthetic so that electrical stimulation 
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could be used to guide the targeting before a 
lesion was created. By 1997, deep brain stimu-
lation was approved by the FDA for the treat-
ment of PD and became the neurosurgical 
mainstay of treatment, given the reversibility of 
stimulation effects and the option for bilateral 
treatment without the side effects attributed to 
bilateral ablative procedures.

Today, RFA is used in various fields of medi-
cine, most notably cardiology for the treatment 
of various arrhythmias. It is also used in the 
treatment of thyroid nodules, uterine fibroids, 
and hepatocellular carcinoma, in conjunction 
with other therapies [10]. Technology utilizing 
RF technology is still used in certain neurosurgi-
cal applications, including percutaneous rhizoto-
mies for trigeminal neuralgia, facet rhizotomies 
for cervicalgia, and even intratumoral coagula-
tion to facilitate resection of a meningioma [10], 
but its use in stereotactic procedures has been 
largely replaced by other modalities. However, 
as discussed below, there are still providers 
interested in studying RFA for various intracra-
nial pathologies.

 Mechanism of Action

Radiofrequency energy is generated by alternat-
ing current with a frequency between 10 and 
900 kHz. A voltage differential is set up between 
the RF, or active, electrode and a reference elec-
trode placed on the patient’s body, and thermal 
energy is generated at the electrode-tissue inter-
face. The active electrode is usually placed to tar-
get using a stiff guide tube to maintain a straight 
trajectory [11].

Biological tissue responds to thermal changes in 
a predictable fashion outlined by Web et al. in 2011 
[10] (Fig. 16.2). Above approximately 43 °C, cell 
membranes are disrupted and proteins denature, 
leading to cell death and coagulative necrosis if the 
temperature is sustained for sufficient time. This 
necrosis happens in a time- dependent fashion with 
temperatures between 43 and 57  °C, after which 
necrosis is essentially immediate. One of the 
advantages of RF technology is that the system 
records impedance and temperature at the tip of the 
active RF electrodes, so that lower temperatures 
from 40 to 50 °C can be used to cause reversible 
lesions in order to assess for clinical improvement 
and adverse effects before permanent lesioning at 
temperatures above 60 °C [12]. This temperature- 
controlled energy delivery is in contrast to other 
methods of thermal energy delivery, which are per-
formed in an MRI scanner, because there have been 
limitations until recently in the ability to monitor 
temperature or energy output. The RF electrodes 
are also capable of electrical stimulation as well as 
ablation, providing another avenue for clinical test-
ing before treatment [12]. One study [11] reported 
that a string electrode with a 10 mm active tip and 
extension up to 8 mm laterally from the guide tube 
was heated to 75 °C and held for 60 seconds, result-
ing in lesions about 20  mm in diameter on the 
immediate post- procedure MRI and about 10 mm 
on the 1-year scan.

Application of RF energy to biological tissue 
results in defined borders without vaporization, 
burning, or adherence of the electrodes to the tar-
get tissue. If heating within the coagulate exceeds 
2–3 minutes, a carbon layer will form around the 
electrode tip and inhibit thermal energy from 
reaching and coagulating tissue outside the target 

Fig. 16.1 T1-weighted axial MRI brain image 24 hours 
after left radiofrequency amygdalohippocampectomy. 
(From Parrent and Blume [7]. Reprinted with permission 
from John Wiley and Sons)
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area. The RF lesions are generally spherical in 
shape, but this is subject to some environmental 
factors, including convective heat loss by nearby 
heat reservoirs such as CSF spaces or sufficiently 
large blood vessels [12].

Disadvantages of the system include the 
necessity to create a cranial defect, inability to 
control for the heterogeneity of certain brain 
areas, and inability to control rates of heat absorp-
tion and dispersion. While there is a rough cor-
relation between temperature achieved and the 
volume of coagulated tissue, it is insufficiently 
precise to predict the exact size and shape of 
lesions. A specific example is the gray-white 
junction, which can have unpredictable responses 
to RFA. In addition, if the target structure is irreg-
ularly shaped or larger than 30 mm in diameter, 
treatment can require repeat ablations and/or 
repositioning of the electrode, leading to further 
uncertainty about the lesion created [13].

 Clinical Applications and Future 
Areas of Interest

As noted above, RF technology has been replaced 
by various techniques in the neurosurgical arse-

nal in the treatment of functional disorders, par-
ticularly in this country. However, there are 
neurosurgeons outside the USA who continue to 
explore uses of RFA in conjunction with intracra-
nial stereotaxis.

Combining stereo-EEG (sEEG) with RFA, 
also called sEEG-guided RF thermocoagula-
tion, has been in use since 2001. Catenoix et al. 
performed a literature review [14] involving 251 
patients treated with this method from 2004 to 
2013. While they noted that outcomes overall 
where not as effective at seizure control as open 
surgery, it did provide a minimally invasive 
option with distinct advantages over the original 
stereotactic RFA procedure for treating epi-
lepsy, namely, having sEEG data to guide 
lesioning and having multiple sEEG leads and 
trajectories to use. The group noted that patients 
with seizure onset zones near eloquent cortical 
tissue or that are otherwise difficult to access, 
i.e., nodular heterotopias or focal cortical dys-
plasia, had an improved risk-to-benefit ratio 
with this method over conventional methods, 
and RFA does not preclude further surgery. 
Voges et  al. also published a case report of a 
patient with nodular heterotopias who was 
treated with RF thermoablation with a bipolar 
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electrode of a single seizure onset zone identi-
fied by an earlier sEEG monitoring stay; the 
outcome at the 7-year follow-up was Engel 1B 
without neuropsychological deficits [12].

A group from the Czech Republic performed 
selective amygdalohippocampectomy by RFA on 
51 patients with mesial temporal lobe epilepsy, 
some in combination with invasive monitoring 
with sEEG and others without. Using a Leksell 
frame, stereotactic planning software, and an 
occipital approach, they performed thermocoag-
ulation of the amygdalohippocampal complex. 
Follow-up at 2 years included 32 patients, with 
78% achieving Engel class I seizure control and 
no permanent complications are reported [11]. A 
follow-up study that looked at 5-year neuropsy-
chological outcomes noted that, like multiple 
subpial transections, this modality preferentially 
targeted the longitudinal fibers responsible for 
seizure spread while reducing the injury-related 
access to these deep structures via conventional 
open methods, similar to laser ablation [15].

Hypothalamic hamartomas (HH) are a rela-
tively rare congenital condition that can cause 
epilepsy – specifically gelastic seizures – as well 
as endocrinologic and developmental issues. 
They are a difficult surgical pathology to treat, 
because of their location and common comor-
bidities related to open procedures. Minimally 
invasive stereotactic methods are an option, 
including radiosurgery, laser interstitial thermal 
therapy (LITT), and RFA.  Homma et  al. pub-
lished results from a 100-patient cohort in 2016 
[16], citing a 71% seizure freedom rate at an 
average of 3  years; however, a follow-up study 
acknowledged that about 1/3 of these require a 
second RFA [17]. Because the MR thermography 
necessary to perform LITT is not widely avail-
able, and the laser fiber is disposable and requires 
financial resources to obtain, RFA for treating 
hypothalamic hamartomas has been reported 
recently in several countries outside the 
USA. One group used robotic guidance to place 
the RF electrode in five patients and perform an 
ablative disconnection, resulting in four patients 
with ILAE class I seizure control and no perma-
nent complications [18]. A second group, citing 
the potential for mistreatment when relying on 

radiological abnormality without electrophysio-
logical confirmation of seizure onset, used sEEG- 
guided RFA to treat nine patients; five patients 
achieved Engel class I, four patients achieved 
Engel class II, and one patient developed signifi-
cant weight gain after surgery [19].

In one of the rarer applications of RFA 
reported in the literature, DBS electrodes have 
been used to deliver RF energy to the target area 
in cases where patients have required removal of 
the system due to hardware erosion and risk of 
infection [20]. Two patients with PD underwent 
RF lesioning based on intraoperative clinical test-
ing to confirm the most effective lead electrodes 
for symptom control and creating a bipolar lesion 
between these, before having the system 
explanted. One patient had the system reim-
planted after completing a course of antibiotics, 
and his team noted his medication requirements 
and stimulation parameters were lower after the 
combination of RF lesioning and reimplantation; 
the other patient declined reimplantation because 
his results after RF lesioning were good enough.

 Laser Interstitial Thermal Therapy

 History and Development

The concept of thermal energy generated by laser 
electromagnetic radiation had been postulated 
and discussed by the late 1970s; Bown published 
one of the first papers on the clinical use of this 
modality in superficial tumors in human patients, 
as well as data from in vitro and animal models 
[21]. He broached the subject of laser thermal 
therapy in the treatment of deeper lesions 
throughout the body, as well as methods of mak-
ing this therapy safer and more selective for neo-
plastic cells.

By 1986, two advances in the burgeoning 
field of LITT came about: compact laser tips that 
resisted damage from the high power density at 
the end of the laser fibers and MRI sequences 
that allowed almost real-time monitoring of the 
heat effect in brain and tumor tissue. Ascher and 
the group in Austria published a case series in 
1991 on the use of “interstitial thermotherapy 
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(ITT)” on patients with centrally located brain 
tumors [22]. He combined this technology with 
the use of stereotactic placement to minimize 
damage to surrounding and overlying structures, 
and he used local anesthetic to allow assessment 
of the patient’s neurological status throughout 
the procedure.

While a number of diagnostic methods were 
tested to allow real-time radiographic monitoring 
of the thermal ablation, including ultrasound, 
thermometers, and subcutaneous thermocouple 
probes, MR thermography was a modality that 
provided excellent soft tissue resolution without 
significant artifact from or damage to the fiber- 
optic laser source [23]. By the mid-1990s, the 
proton resonance frequency method [24] of MRI 
sequencing had been developed, which would 
serve as the predecessor to MR thermography 
sequences in their current form.

 Mechanism of Action

There are two LITT systems that have been in 
clinical use: the NeuroBlate System from 
Monteris Medical, Inc., and the Visualase 
Thermal Therapy System from Medtronic Inc. 
NeuroBlate uses a 12-W continuous wave 
neodymium- doped yttrium garnet laser operating 
at wavelength 1064  nm. Visualase employs a 
15-W 980-nm diode laser that has the benefit a 
local peak in water absorption. This leads to a 
sharper boundary between ablated tissue and 
nontarget tissue, as well as shorter depth of pen-
etration that prevents damaging areas outside the 
region to be treated. The laser fiber has a diffus-
ing tip that creates an ellipsoid area of light distri-
bution into the tissue along the axis of the fiber 
[25] (Fig. 16.3). A cooling catheter that circulates 
water to cool the laser fiber tip and prevent car-
bonization of tissue is a critical safety feature of 
the system. The MR thermography protocols cal-
culate estimated damage zones approximately 
every 10 seconds [26].

The effects of thermal energy thus generated 
are dependent on wavelength, power density, 
exposure duration, and surface vs interstitial 
delivery [27]. There are five types of laser-tissue 

interaction that have been identified [23], and 
neurosurgical applications rely on photothermal 
interactions in which light emitted from the laser 
source is absorbed by the target molecule and 
then released into the environment to increase the 
temperature. The heat is then redistributed via 
convection and conduction into nearby tissue, 
causing temporary or irreversible damage. Other 
interactions include photochemical, photoabla-
tive, photoplasmic, and photodisruptive effects, 
but these generally appear at power ranges and 
frequencies outside of those used for intracere-
bral lesioning.

An important feature of LITT is the ability to 
direct thermal energy toward the ablation of 
pathological tissue while sparing neighboring 
healthy brain parenchyma. There are three zones 
of radiographic and histologic change in the area 
of the laser fiber [28]. The area near the tip of the 
fiber sees the highest power delivery and thus the 
greatest temperature increase and tissue destruc-
tion. Below 42 °C, thermal energy will lead to 
local increases in blood flow due to vasodilation; 
from 42 to 60  °C, protein denaturation and 
 permanent cell damage occurs. At 60  °C, the 
plasma membrane will be disrupted immediately 
and the cell will die; if held for 10 minutes at this 
temperature, coagulation necrosis will occur 
[25]. Above 100 °C, carbonization and vaporiza-
tion can occur, the former of which can prevent 

Fig. 16.3 Applicator with diffusing tip. The diode laser 
fiber is stereotactically inserted into the target tissue using 
a MRI-compatible applicator with diffusing tip. This cre-
ates an ellipsoid distribution of the laser energy across the 
distal 1  cm tip of the catheter. (Image courtesy of 
Visualase/Medtronic)
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penetration of the thermal energy to other target 
areas, the latter of which can lead to increased 
ICP.  For this reason, the software has a safety 
shutoff at 90 °C to prevent these processes from 
taking place, and lower temperature shutoff lev-
els can be set to protect nearby sensitive tissue. 
The next closest region from the tip also devel-
ops tissue necrosis as well as interstitial edema. 
The marginal zone is the furthest from the fiber 
tip and features tissue that is damaged, but 
reversibly [28]. Accounting for large blood ves-
sels and CSF spaces, which act as heat sinks, the 
laser fiber is able to generate a 2–4 cm circum-
ferential ablation [26]; the lesion can be further 
elongated by serial withdrawals of the laser fiber 
with repeated ablations.

 Clinical Applications and Future 
Areas of Interest

While the majority of preliminary research on 
LITT was for oncologic applications, including 
intracranial metastases [29], deep-seated recur-
rent gliomas [30], and treatment of radiation 
necrosis [31], it has become a mainstay of inter-
ventional treatment for epilepsy. The MR-guided 
stereotactic laser amygdalohippocampectomy is 
an accepted surgical procedure for the treatment 
of mesial temporal lobe epilepsy, with a possi-
ble advantage of reduced postoperative neuro-
psychological deficits compared to conventional 
temporal lobectomy [32] but a concomitant 
lower rate of seizure freedom. Another applica-
tion within the epilepsy population is the treat-
ment of hypothalamic hamartomas in pediatric 
[33] as well as adult populations [26]; they note 
fewer surgical complications, shorter hospital 
stays, and the potential for future treatment with 
repeat LITT or open procedures to complete the 
disconnection of the hamartoma from the hypo-
thalamus. The largest study to date reported that 
14 patients with HH were treated with LITT and 
12 were seizure-free at 9 months with no perma-
nent deficits [34], and these results are echoed 
by other case series. Corpus callosotomy [35], 
ablation of cavernous malformations [36], and 
adjunctive ablation of the deeper extensions of a 

focal cortical dysplasia prior to open resection 
[37] have been performed with LITT with good 
early results.

 High-Intensity Focused Ultrasound

 History and Development

Ultrasound (US) arose out of the study of acous-
tics in the late nineteenth century, when Pierre 
and Jacques Curie discovered that the application 
of high-pressure sound waves could generate 
electricity when directed toward quartz crystals, 
a phenomenon known as piezoelectricity [38]. 
The reverse was also true: applying an electrical 
charge to quartz crystals could generate sound 
waves. Ultrasonic waves are those with frequen-
cies >20 kHz, above the audible range of human 
hearing, and their first use as a therapeutic modal-
ity in humans was reported in 1960: Meyers and 
Fry used it to perform pallidotomies and thala-
motomies in 48 Parkinson’s patients [39]. 
Because US waves could not penetrate the skull 
without causing thermal injury to the scalp, the 
surgeons had to perform craniotomies in order to 
direct the US waves through the dura and to the 
target. While the procedure achieved clinical 
improvement in a number of the patients, the 
required craniotomy made US lesioning more 
invasive, and thus less attractive, than other tech-
niques available at the time.

The next advance in the development of thera-
peutic ultrasound was obviating the need for cra-
niotomy. There were two issues to circumvent: 
heating of the skull and sufficient energy reach-
ing the target after penetrating the bone. Reducing 
the frequency of the US waves and using a circu-
lating water bath solved the first issue [40]. 
Phased array technology, which compensates for 
US waves that are out of phase because of skull 
density heterogeneity, was the second innovation 
that allowed transcranial US treatment [41].

Magnetic resonance (MR) thermometry was 
the final piece that brought neurosurgical HIFU 
to its present state. While other organ systems 
treated with HIFU can be monitored with diag-
nostic US, the skull prevents real-time monitor-
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ing of intracranial tissue with US.  MR 
thermometry sequences allow for visualization of 
the target areas, surrounding issue, and calcula-
tion of the thermal dose delivered, which is 
dependent on individual skull anatomy and the 
energy delivered per sonication [42]. By the early 
2000s, Jolesz and his group at Brigham and 
Women’s had applied this modern incarnation of 
HIFU to three patients with inoperable brain 
tumors [43]. It would take several more years for 
a transducer powerful enough to reach the tem-
peratures needed for ablation.

 Mechanism of Action

The generation of ultrasound waves for clinical 
use starts with the application of voltage to a 
piezoelectric (PE) element, which expands and 
contracts in response, in turn creating the 
mechanical vibrations that transmit pressure and 
energy through a given medium. The range of 
frequencies that most PE transducers operate is 
200  kHz to 4  MHz, and modern devices have 
multiple, i.e., hundreds, of PE sources that can 
generate ultrasonic waves that are directed in 
phase to the target after passing through skin and, 
more significantly, the dense bone of the skull 
[44]. An early study of US to generate cerebral 
lesions found that frequencies lower than 
835  kHz were less likely to have unfavorable 
interactions with the skull that generate scalp 
heating and would deliver energy to the target 
more efficiently [45].

As noted above, the skull presents a technical 
challenge for most forms of intracranial treat-
ment, particularly “minimally invasive,” non- 
incisional methods. In the case of US, the skull 
tends to absorb and reflect US waves before they 
can reach their target. In doing so, it generates 
heat in the bone and surrounding skin, which 
requires active cooling in the form of a circulat-
ing water bath [46]. Heterogeneity in the skull 
itself can also cause the US waves from the indi-
vidual PE transducers to arrive out of phase such 
that the energy is not delivered effectively to 
cause a lesion. In order to account for the vari-
ables introduced by individual skull anatomy, a 

non-contrast head CT is obtained prior to treat-
ment in order to calculate the skull density ratio 
(SDR) [47]. This value is a global average of the 
ratio of cancellous to cortical bone Hounsfield 
units, with a range between 0 and 1. The values 
of SDR that permit effective lesion are generally 
>0.4. This pre-procedural imaging also allows 
identification of frontal air sinuses and other 
sources of intracranial calcification that can serve 
to divert or absorb the US waves if not taken into 
account [48].

Thermal energy is the end result of HIFU ther-
apy, as is the case with the other ablative thera-
pies discussed above. However, there are 
characteristics unique to this form of energy 
delivery that provide a more favorable safety pro-
file: namely, performing clinical testing and gen-
erating reversible neurological changes to 
confirm clinical benefit before committing to an 
irreversible lesion.

The threshold for permanent tissue damage is 
56 °C for 1 second [49]. Below this temperature, 
there is a range of values that permit reversible 
injury, so that clinical monitoring and reposition-
ing of the target can take place before permanent 
lesioning occurs. Thus, treatment proceeds in a 
series of sonications: the first set is done in the 
1500–3000  J range, with the goal of reaching 
41–46 °C in order to observe changes on MR ther-
mometry scans done roughly every 3 seconds [28] 
and reposition the coordinates as needed. The next 
set, with a goal temperature range of 42–50 °C, is 
done with clinical testing to assess improvement 
of tremor as well as to observe adverse effects. The 
final set, once the target has shown clinical benefit 
without side effects, aims for a range of 50–60 °C 
to achieve the final lesion at target.

In addition to thermal energy, HIFU also gen-
erates mechanical forces in the form of cavita-
tion. The US waves cause microbubbles to form 
that then oscillate; these can then create shock 
waves with high pressure and shear forces on the 
target tissue. Modern HIFU systems use trans-
ducers with cavitation-detection abilities, which 
will hold sonications until the cavitation has 
stopped. Other techniques to reduce the likeli-
hood of cavitation are close-shaving of the head, 
using degassed water, and ensuring a close fit of 
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the silicone membrane to the scalp without folds 
or bubbles in its surface [48]. While cavitation is 
generally to be avoided during HIFU treatment, 
there are certain clinical situations, i.e., opening 
the BBB in tumor treatment (discussed below), 
that may be able to exploit it in a controlled 
fashion.

The system approved for use in the USA is the 
ExAblate 4000 from InSightec Inc., which has a 
1024-source phased array transducer which func-
tions at 650 kHz. A 3.0 T MRI is most commonly 
used in combination for thermographic monitor-
ing, although there are studies [50] that have used 
1.5 T magnets (Fig. 16.4).

 Clinical Applications and Future 
Areas of Interest

The only FDA-approved neurosurgical indication 
for HIFU currently is unilateral ablation of the 
Vim nucleus for the treatment of essential tremor 
and tremor-predominant Parkinson’s disease. 
The procedure is done entirely in the MRI suite 
with the patient awake. Sonications are directed 
at the Vim contralateral to the side of the body 
being treated and done in sequential fashion as 
described above to confirm anatomic location, 
clinical benefit, and absence of adverse effects 
before permanent lesioning.

There are several phase I and II studies under-
way for the use of HIFU in the treatment of rigid-

ity associated with Parkinson’s disease. Europe 
and Israel have already fully approved use of this 
technology for Parkinson’s disease, with both 
thalamic nuclei and pallidothalamic tracts as tar-
gets. Other diseases under consideration include 
pain, major depression, obsessive compulsive 
disorder, epilepsy, and breakdown of the blood- 
brain barrier for the treatment of Alzheimer’s 
disease.

While HIFU has been applied to intracranial 
tumors in the 2000s [43, 51], sufficiently high 
temperatures for ablation could not be reached 
with the technology available at the time without 
damaging surrounding normal brain parenchyma. 
With the upgrades available in recent years, sev-
eral reports have revisited HIFU treatment of 
tumors. Of particular interest, the controlled use 
of cavitation by injecting preformed bubbles 
intravascularly before sonication at the target 
may induce vessels near by the target tumor to 
open the BBB without requiring high-power US 
waves or induction of shock waves [52]. This 
could be used in the delivery of chemotherapeu-
tic agents that would otherwise be blocked from 
reaching the abnormal cells, as demonstrated in 
several animal studies [40].

A unique application of US-generated thermal 
energy that is being studied is the treatment of 
ischemic and hemorrhagic strokes. Feasibility 
studies in animals have shown that HIFU can 
enhance intravascular thrombolysis when used as 
an adjunct to t-PA [53]. Cadaveric studies of 

Fig. 16.4 ExAblate 
4000 transcranial 
focused ultrasound 
system. (ExAblate 4000, 
InSightec). Patient is 
fixed to the table by a 
stereotaxic frame and a 
membrane holds water 
between the patient’s 
head and the transducer. 
This transducer can be 
moved independently to 
target brain regions. 
(Image courtesy of 
INSIGHTEC)
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intraparenchymal hemorrhage have shown 
enhanced clot liquefaction with HIFU delivery, 
allowing for needle aspiration [54]. While still in 
the earliest stages of research, HIFU may prove 
to be an effective modality for treating the large 
number of patients who suffer from cerebrovas-
cular pathologies.

 Conclusion

There is a rich history of creating and refining 
new technologies for clinical use in neurosur-
gery. Each of the three modalities discussed  – 
RFA, LITT, and HIFU – ultimately generates a 
lesion in brain tissue, but the iterative trajectory 
that each method followed to reach clinical appli-
cation was unique and reliant on collaborative 
interactions between many imaginative scientists 
and clinicians. Certain quantum leaps in energy 
delivery, imaging, and monitoring were neces-
sary for these techniques to become clinically 
meaningful. In the same way, as we explore new 
intracranial applications for ablative therapies, 
the advent of new technologies will surely 
increase our understanding of these modalities 
and allow us to more fully utilize them in the 
treatment of neurosurgical diseases.

References

 1. Kirschner M.  Elektrocoagulation des ganglion gas-
seri. Zentralbl Chir. 1932;(47):2841–3.

 2. Guridi J, Lozano AM. A brief history of pallidotomy. 
Neurosurgery. 1997;41(5):1169–80; discussion 80–3.

 3. Spiegel EA, Wycis HT. Ansotomy in paralysis agitans. 
AMA Arch Neurol Psychiatry. 1954;71(5):598–614.

 4. Narabayashi H, Nagao T, Saito Y, Yoshida M, 
Nagahata M. Stereotaxic amygdalotomy for behavior 
disorders. Arch Neurol. 1963;9:1–16.

 5. Marossero F, Ravagnati L, Sironi VA, Miserocchi G, 
Franzini A, Ettorre G, et al. Late results of stereotac-
tic radiofrequency lesions in epilepsy. Acta Neurochir 
Suppl. 1980;30:145–9.

 6. Patil AA, Andrews R, Torkelson R. Stereotactic volu-
metric radiofrequency lesioning of intracranial struc-
tures for control of intractable seizures. Stereotact 
Funct Neurosurg. 1995;64(3):123–33.

 7. Parrent AG, Blume WT. Stereotactic amygdalohippo-
campotomy for the treatment of medial temporal lobe 
epilepsy. Epilepsia. 1999;40(10):1408–16.

 8. Lozano CS, Tam J, Lozano AM. The changing land-
scape of surgery for Parkinson’s disease. Mov Disord. 
2018;33(1):36–47.

 9. Laitinen LV, Bergenheim AT, Hariz MI.  Leksell’s 
posteroventral pallidotomy in the treatment of 
Parkinson’s disease. J Neurosurg. 1992;76(1):53–61.

 10. Webb H, Lubner MG, Hinshaw JL. Thermal ablation. 
Semin Roentgenol. 2011;46:133–41.

 11. Liscak R, Malikova H, Kalina M, Vojtech Z, 
Prochazka T, Marusic P, et  al. Stereotactic radiofre-
quency amygdalohippocampectomy in the treatment 
of mesial temporal lobe epilepsy. Acta Neurochir. 
2010;152(8):1291–8.

 12. Voges J, Buntjen L, Schmitt FC.  Radiofrequency- 
thermoablation: general principle, historical overview 
and modern applications for epilepsy. Epilepsy Res. 
2018;142:113–6.

 13. Hirabayashi H, Hariz MI, Wardell K, Blomstedt 
P.  Impact of parameters of radiofrequency coagula-
tion on volume of stereotactic lesion in pallidotomy 
and thalamotomy. Stereotact Funct Neurosurg. 
2012;90(5):307–15.

 14. Catenoix H, Bourdillon P, Guenot M, Isnard J.  The 
combination of stereo-EEG and radiofrequency abla-
tion. Epilepsy Res. 2018;142:117–20.

 15. Kramska L, Vojtech Z, Lukavsky J, Stara M, Malikova 
H.  Five-year neuropsychological outcome after ste-
reotactic radiofrequency amygdalohippocampectomy 
for mesial temporal lobe epilepsy: longitudinal study. 
Stereotact Funct Neurosurg. 2017;95(3):149–57.

 16. Homma J, Kameyama S, Masuda H, Ueno T, 
Fujimoto A, Oishi M, et  al. Stereotactic radiofre-
quency thermocoagulation for hypothalamic hamar-
toma with intractable gelastic seizures. Epilepsy Res. 
2007;76(1):15–21.

 17. Kameyama S, Shirozu H, Masuda H, Ito Y, Sonoda M, 
Akazawa K. MRI-guided stereotactic radiofrequency 
thermocoagulation for 100 hypothalamic hamarto-
mas. J Neurosurg. 2016;124(5):1503–12.

 18. Tandon V, Chandra PS, Doddamani RS, Subianto H, 
Bajaj J, Garg A, et  al. Stereotactic radiofrequency 
thermocoagulation of hypothalamic hamartoma 
using robotic guidance (ROSA) coregistered with 
O-arm guidance-preliminary technical note. World 
Neurosurg. 2018;112:267–74.

 19. Wei PH, An Y, Fan XT, Wang YH, Yang YF, Ren LK, 
et al. Stereoelectroencephalography-guided radiofre-
quency thermocoagulation for hypothalamic ham-
artomas: preliminary evidence. World Neurosurg. 
2018;114:e1073–e8.

 20. Perez-Suarez J, Torres Diaz CV, Lopez Manzanares 
L, Navas Garcia M, Pastor J, Barrio Fernandez P, 
et  al. Radiofrequency lesions through deep brain 
stimulation electrodes in movement disorders: case 
report and review of the literature. Stereotact Funct 
Neurosurg. 2017;95(3):137–41.

 21. Bown SG.  Phototherapy in tumors. World J Surg. 
1983;7(6):700–9.

 22. Ascher PW, Justich E, Schrottner O.  A new sur-
gical but less invasive treatment of central brain 

16 Ablation: Radiofrequency, Laser, and HIFU



232

tumours preliminary report. Acta Neurochir Suppl. 
1991;52:78–80.

 23. Stafford RJ, Fuentes D, Elliott AA, Weinberg JS, 
Ahrar K.  Laser-induced thermal therapy for tumor 
ablation. Crit Rev Biomed Eng. 2010;38(1):79–100.

 24. De Poorter J. Noninvasive MRI thermometry with the 
proton resonance frequency method: study of suscep-
tibility effects. Magn Reson Med. 1995;34(3):359–67.

 25. Kang JY, Sperling MR. Magnetic resonance imaging- 
guided laser interstitial thermal therapy for treat-
ment of drug-resistant epilepsy. Neurotherapeutics. 
2017;14(1):176–81.

 26. Du VX, Gandhi SV, Rekate HL, Mehta AD.  Laser 
interstitial thermal therapy: a first line treatment for 
seizures due to hypothalamic hamartoma? Epilepsia. 
2017;58(Suppl 2):77–84.

 27. Missios S, Bekelis K, Barnett GH.  Renaissance of 
laser interstitial thermal ablation. Neurosurg Focus. 
2015;38(3):E13.

 28. Norred SE, Johnson JA. Magnetic resonance-guided 
laser induced thermal therapy for glioblastoma multi-
forme: a review. Biomed Res Int. 2014;2014:761312.

 29. Carpentier A, McNichols RJ, Stafford RJ, Itzcovitz 
J, Guichard JP, Reizine D, et al. Real-time magnetic 
resonance-guided laser thermal therapy for focal met-
astatic brain tumors. Neurosurgery. 2008;63(1 Suppl 
1):ONS21–8; discussion ONS8–9.

 30. Schwarzmaier HJ, Eickmeyer F, von Tempelhoff W, 
Fiedler VU, Niehoff H, Ulrich SD, et al. MR-guided 
laser-induced interstitial thermotherapy of recurrent 
glioblastoma multiforme: preliminary results in 16 
patients. Eur J Radiol. 2006;59(2):208–15.

 31. Rahmathulla G, Recinos PF, Kamian K, Mohammadi 
AM, Ahluwalia MS, Barnett GH.  MRI-guided laser 
interstitial thermal therapy in neuro-oncology: a 
review of its current clinical applications. Oncology. 
2014;87(2):67–82.

 32. Bezchlibnyk YB, Willie JT, Gross RE.  A neuro-
surgeon’s view: laser interstitial thermal therapy 
of mesial temporal lobe structures. Epilepsy Res. 
2018;142:135–9.

 33. Southwell DG, Birk HS, Larson PS, Starr PA, Sugrue 
LP, Auguste KI.  Laser ablative therapy of sessile 
hypothalamic hamartomas in children using interven-
tional MRI: report of 5 cases. J Neurosurg Pediatr. 
2018;21(5):460–5.

 34. Wilfong AA, Curry DJ.  Hypothalamic hamartomas: 
optimal approach to clinical evaluation and diagnosis. 
Epilepsia. 2013;54(Suppl 9):109–14.

 35. Ho AL, Miller KJ, Cartmell S, Inoyama K, Fisher RS, 
Halpern CH.  Stereotactic laser ablation of the sple-
nium for intractable epilepsy. Epilepsy Behav Case 
Rep. 2016;5:23–6.

 36. Drane DL, Loring DW, Voets NL, Price M, Ojemann 
JG, Willie JT, et  al. Better object recognition and 
naming outcome with MRI-guided stereotactic laser 
amygdalohippocampotomy for temporal lobe epi-
lepsy. Epilepsia. 2015;56(1):101–13.

 37. Ellis JA, Mejia Munne JC, Wang SH, McBrian DK, 
Akman CI, Feldstein NA, et  al. Staged laser inter-

stitial thermal therapy and topectomy for complete 
obliteration of complex focal cortical dysplasias. J 
Clin Neurosci. 2016;31:224–8.

 38. Curie PJ, Curie J.  Crystal physics: development by 
pressure of polar electricity in hemihedral crystals 
with inclined faces. C R Hebd Seances Acad Sci. 
1880;91(291).

 39. Fry WJ, Fry FJ.  Fundamental neurological research 
and human neurosurgery using intense ultrasound. 
IRE Trans Med Electron. 1960;Me-7:166–81.

 40. Harary M, Segar DJ, Huang KT, Tafel IJ, Valdes 
PA, Cosgrove GR.  Focused ultrasound in neuro-
surgery: a historical perspective. Neurosurg Focus. 
2018;44(2):E2.

 41. Hynynen K, Jolesz FA.  Demonstration of potential 
noninvasive ultrasound brain therapy through an intact 
skull. Ultrasound Med Biol. 1998;24(2):275–83.

 42. Damianou C, Hynynen K. The effect of various physi-
cal parameters on the size and shape of necrosed tis-
sue volume during ultrasound surgery. J Acoust Soc 
Am. 1994;95(3):1641–9.

 43. McDannold N, Clement GT, Black P, Jolesz F, 
Hynynen K. Transcranial magnetic resonance imag-
ing- guided focused ultrasound surgery of brain 
tumors: initial findings in 3 patients. Neurosurgery. 
2010;66(2):323–32; discussion 32.

 44. Tempany CM, McDannold NJ, Hynynen K, Jolesz 
FA.  Focused ultrasound surgery in oncology: over-
view and principles. Radiology. 2011;259(1):39–56.

 45. Lynn JG, Zwemer RL, Chick AJ, Miller AE.  A 
new method for the generation and use of focused 
ultrasound in experimental biology. J Gen Physiol. 
1942;26(2):179–93.

 46. Mohammed N, Patra D, Nanda A. A meta-analysis of 
outcomes and complications of magnetic resonance- 
guided focused ultrasound in the treatment of essen-
tial tremor. Neurosurg Focus. 2018;44(2):E4.

 47. Chang WS, Jung HH, Zadicario E, Rachmilevitch 
I, Tlusty T, Vitek S, et  al. Factors associated with 
successful magnetic resonance-guided focused 
ultrasound treatment: efficiency of acoustic 
energy delivery through the skull. J Neurosurg. 
2016;124(2):411–6.

 48. Wang TR, Bond AE, Dallapiazza RF, Blanke A, 
Tilden D, Huerta TE, et  al. Transcranial magnetic 
resonance imaging-guided focused ultrasound thala-
motomy for tremor: technical note. Neurosurg Focus. 
2018;44(2):E3.

 49. Zaaroor M, Sinai A, Goldsher D, Eran A, Nassar M, 
Schlesinger I.  Magnetic resonance-guided focused 
ultrasound thalamotomy for tremor: a report of 30 
Parkinson’s disease and essential tremor cases. J 
Neurosurg. 2018;128(1):202–10.

 50. Iacopino DG, Gagliardo C, Giugno A, Giammalva 
GR, Napoli A, Maugeri R, et al. Preliminary experi-
ence with a transcranial magnetic resonance-guided 
focused ultrasound surgery system integrated with a 
1.5-T MRI unit in a series of patients with essential 
tremor and Parkinson’s disease. Neurosurg Focus. 
2018;44(2):E7.

A. P. Bhansali and R. P. Gwinn



233

 51. Ram Z, Cohen ZR, Harnof S, Tal S, Faibel M, Nass 
D, et  al. Magnetic resonance imaging-guided, high- 
intensity focused ultrasound for brain tumor therapy. 
Neurosurgery. 2006;59(5):949–55; discussion 55–6.

 52. Hynynen K, McDannold N, Vykhodtseva N, Jolesz 
FA.  Noninvasive MR imaging-guided focal open-
ing of the blood-brain barrier in rabbits. Radiology. 
2001;220(3):640–6.

 53. Tsivgoulis G, Eggers J, Ribo M, Perren F, Saqqur M, 
Rubiera M, et al. Safety and efficacy of ultrasound- 
enhanced thrombolysis: a comprehensive review and 

meta-analysis of randomized and nonrandomized 
studies. Stroke. 2010;41(2):280–7.

 54. Monteith SJ, Kassell NF, Goren O, Harnof 
S.  Transcranial MR-guided focused ultrasound 
sonothrombolysis in the treatment of intracerebral 
hemorrhage. Neurosurg Focus. 2013;34(5):E14.

 55. Foley JL, Eames M, Snell J, Hananel A, Kassell N, 
Aubry JF.  Image-guided focused ultrasound: state 
of the technology and the challenges that lie ahead. 
Imaging Med. 2013;5(4):357–70.

16 Ablation: Radiofrequency, Laser, and HIFU



235© Springer Nature Switzerland AG 2020 
N. Pouratian, S. A. Sheth (eds.), Stereotactic and Functional Neurosurgery, 
https://doi.org/10.1007/978-3-030-34906-6_17

Radiosurgery

Daniel M. Trifiletti, Eric J. Lehrer, 
and Jason P. Sheehan

Abbreviations

60Co Cobalt-60
AVM Arteriovenous malformation
BRW Brown-Roberts-Wells
CT Computerized tomography
CTV Clinical target volume
DNA Deoxyribonucleic acid
DPL Dynamically penalized maximum 

likelihood
FSE Fast spin echo
GTV Gross target volume
Gy Gray
IMRS Intensity-modulated radiosurgery
LINAC Linear accelerator
MLCs Multileaf collimators
MR Magnetic resonance
MRI Magnetic resonance imaging
PTC Planned target volume
SRS Stereotactic radiosurgery
US United States
VP Ventriculoperitoneal

 The History of Radiosurgery

Lars Leksell first devised the concept of radiosur-
gery in 1951 [1]. The initial concept involved 
using an orthovoltage x-ray tube to focus radia-
tion on the trigeminal ganglion for the treatment 
of facial pain. He then investigated the different 
sources of radiation: cross-fired protons, x-rays 
from an early-generation linear accelerator 
(LINAC), and ultrasound for radiosurgery. 
Finally, Leksell and Larsson chose Cobalt-60 
(60Co) as the ideal photon radiation source, 
because of the cost of photon beams, poor skull 
penetration of ultrasound, and imprecision of 
LINACs in 1960s. Therefore, the Gamma Knife 
(Elekta AB, Stockholm), which consisted of 179 
60Co sources in a hemispherical array, was born at 
the Queen Sofia Hospital in Stockholm in 1968.

In parallel with these developments, clinicians 
at the University of California, Berkeley, imple-
mented a cyclotron in 1954, and the other stereo-
tactic treatments were performed with particle 
accelerators built for physics research at Uppsala 
in Sweden in 1957. While charged particles have 
been used for radiation therapy and radiosurgery 
for more than 50 years, the vast majority of radio-
surgery is currently performed with Gamma 
Knife® and LINAC-based radiosurgery platforms 
because particle accelerators such as cyclotron or 
synchrotrons have significantly higher cost, 
require more space, and are significantly more 
complex than photon-based radiosurgery. 
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However, proton radiosurgery offers a theoretical 
improvement in dose uniformity within large tar-
geted volumes and reduced doses to normal tis-
sues when compared with its photon counterparts 
due to the presence of a sharp Bragg peak. These 
unique physical properties of protons have stimu-
lated a great deal of interest and continue to moti-
vate the construction and development of large 
proton therapy centers. Presently, the majority of 
proton therapy applications are in treating extra-
cranial malignancies over a prolonged radiother-
apy course (e.g., prostate cancer).

The diligence of a multitude of pioneers facili-
tated advancements in intracranial radiosurgery. 
Ladislau Steiner, Georg Noren, Christer 
Lindquist, and other contemporaries of Leksell 
diligently explored specific indications for 
Gamma Knife radiosurgery. Federico Colombo 
in Italy and Osvaldo Betti in Buenos Aires both 
used modified LINACs to recreate the principle 
of the Gamma Knife. Jacob Fabrikant and 
Raymond Kjellberg in the United States (US) uti-
lized the Bragg peak of protons in the delivery of 
radiosurgery. The efforts of all of these individu-
als have expanded the principles of non-invasive 
intracranial surgery.

In 1987, L. Dade Lunsford at the University of 
Pittsburgh acquired the first dedicated clinical 
Gamma Knife in the US.  In 1989, the Gamma 
Knife was installed at the University of Virginia. 
In short order, several radiosurgery platforms 
were installed in the US, South America, and 
Asia. As of 2016, more than 300 Gamma Knife 
machines and more than one million patients have 
been treated with Gamma Knife radiosurgery, of 
which 44% for malignant tumors, 36% for benign 
tumors, 12% with vascular lesions, and 7% with 
functional disorders [2]. Many hundreds of thou-
sands of additional patients have been treated with 
Cyberknife (Accuray, Sunnyvale, CA), LINAC, 
and charged particle systems; furthermore, there 
has been a recent increased trend in utilization of 
LINAC-based radiosurgery [3].

In the past 50 years, there have been dramatic 
advances in radiosurgery techniques. Presently, 
radiosurgery has played a critical role in various 
neurosurgical diseases, and radiosurgery keeps 
advancing its capabilities with more accurate 

radiation delivery, more convenient radiosurgical 
planning software, and multiple choices of 
immobilization tools.

 Types of Ionizing Radiation

The term “ionizing radiation” refers to radiation 
of sufficiently high enough energy to dislodge 
electrons from atoms or disrupt chemical bonds 
between atoms and molecules. Two radiation 
sources are utilized in radiosurgery – artificially 
generated radiation from man-made machines 
and spontaneously generated radiation from 
radionuclides. Two basic forms of radiation are 
produced from the aforementioned sources, 
which can include electromagnetic radiation and 
particle radiation.

 Electromagnetic Radiation

Electromagnetic radiation carries energy via 
oscillating magnetic and electric properties. The 
electromagnetic spectrum spans a range from 
radio waves, to infrared waves, through the visi-
ble light spectrum, to high-energy x-rays and 
gamma rays. Radiotherapy and radiosurgery 
most commonly utilizes high-energy x-rays and 
gamma rays. These rays exhibit a dual nature; 
they can be described as waves or as energy pack-
ets known as photons.

Another difference between x-rays and gamma 
rays is their manner of production. X-rays are pro-
duced either as a result of the interaction between 
a high-speed electron and a nucleus 
(Bremsstrahlung x-rays) or when electrons in the 
outer shell of an ionized atom fall from a high to a 
low energy level to fill a vacancy created by an 
ejected electron (characteristic x-rays). X-rays 
may either be the product of radioactivity or cre-
ated by human intervention. For example, linear 
accelerators generate x-rays through the accelera-
tion of electrons and directing them to strike a tar-
get comprised of a substance with a high atomic 
number. The interactions between the electrons 
and target nuclei generate primarily Bremsstrah-
lung and secondarily characteristic x-rays.

D. M. Trifiletti et al.



237

In contrast, gamma rays are photons from the 
nucleus of a radioactive atom when it undergoes 
decay and emits a photon, for instance, Cobalt-60, 
which is the source of gamma rays utilized in the 
Gamma Knife. High-energy photons are indi-
rectly ionizing; therefore, when interacting with 
tissue, photons cause the liberation of charged 
particles (electrons) which then proceed to cause 
the majority of the ionization and, thus, the bio-
logical effect observed with radiation treatment. 
High-energy photons exhibit a property called 
the “buildup region” when entering tissues. This 
occurs because the electrons near the surface of 
the skin are scattered in a mostly forward direc-
tion and deposit their energy deeper in the tissue. 
This gives photons an advantage known as the 
“skin-sparing” effect, allowing for dose escala-
tion within the deep-seated target.

 Charged Particle Radiation

Charged particle radiation differs from photon 
radiation in that the energy of the radiation prop-
agates as the kinetic energy of the particle itself. 
This is due to the fact that these particles have a 
mass. High-energy charged particles such as 
electrons and protons are directly ionizing forms 
of radiation and have sufficient kinetic energy to 
ionize atoms as they interact in tissue. Unlike 
high-energy photons, which tend to sparsely 
interact with matter and can travel long distances 
before being absorbed, high-energy particles 
tend to have predictable ranges of tissue penetra-
tion. The particles most routinely used for thera-
peutic purposes are electrons and protons. There 
are a select few centers which employ heavy 
ions, and, occasionally, attempts have been made 
to use neutrons.

High-energy electrons are commonly pro-
duced in linear accelerators by replacing the tar-
get used for x-ray production. Electrons begin 
depositing appreciable dose near the tissue sur-
face, have a predictable range where they deposit 
the majority of their energy, and exhibit a rapid 
dose falloff. This gives electron therapy a particu-
lar advantage in the treatment of cutaneous or 
subcutaneous lesions (e.g., mycosis fungoides).

Proton particles are produced in particle accel-
erators such as cyclotrons and are over 1500 times 
heavier than electrons. Therefore, at a particular 
velocity, protons exhibit a much greater kinetic 
energy and do not scatter as easily. Hence, protons 
can potentially cause less damage to surrounding 
tissues when compared to electrons. Also, most of 
the energy absorption from protons occurs at the 
distal end (over the last few millimeters) of the 
track; this precisely defined area of intense ioniza-
tion at the end of the track following the passage 
of protons is called a Bragg peak. Protons have a 
defined range in tissue, resulting in little to no exit 
dose. The proton beam may be altered to spread 
the Bragg peak to conform to the thickness and 
depth of the volume to be treated. Taking advan-
tage of the Bragg peak effect as well as cross fir-
ing of a number of proton beams, a well localized 
volume of high radiation delivery can be produced 
and has been applied in a radiosurgical setting, 
albeit much less frequently than photons.

 Radiation Biology

 Free Radicals

When cells undergo irradiation with ionizing 
radiation, photons interact with water mole-
cules in the cytoplasm by stripping an electron 
from a hydrogen atom, resulting in an energetic 
electron and an ionized water molecule. The 
resulting fast electrons continue to interact with 
water molecules through additional ionizing 
events. The positively charged water molecule 
exhibits a short half-life before it undergoes 
dissociation to an H+ ion and an OH− free 
hydroxyl radical. The hydroxyl radical is 
extremely reactive and is capable of breaking 
chemical bonds in nearby molecules. This indi-
rect effect of radiation through free radical 
intermediaries is responsible for the majority of 
radiation-induced damage, which is further 
enhanced by the presence of oxygen. At lower 
radiation doses, tissue hypoxia (partial oxygen 
pressure less than 30 mmHg) inhibits the pro-
duction of free radicals and, thereby, lessens 
the damaging effects of radiation.
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 Radiation Injuries to DNA

There is a large body of evidence that suggests 
that DNA is the most important target for cellular 
damage by ionizing radiation. Reactive water 
derivatives may interact with DNA, which cre-
ates the potential for permanent cell injury or 
death. Additionally, radiation is also capable of 
interacting directly with DNA. Damage to DNA 
can take on multiple forms, such as (1) single- 
strand breaks, where one of the two intertwined 
helices is broken, and (2) double-strand breaks 
where both helices are broken. Single-strand 
breaks are the more common of the two and can 
potentially be repaired by DNA repair enzymes, 
which use the intact strand as a template. Double- 
strand breaks are more difficult if not impossible 
to repair and cause the most deleterious biologi-
cal damage. Double-strand breaks may be a result 
of a single particle or the interaction of two 
single- strand breaks caused by separate particles 
occurring at close temporal and spatial distances 
from one another. Cell culture studies on dividing 
cells have demonstrated that cells in the G2 and 
M phases of the cell cycle are the most suscepti-
ble to double-strand DNA breaks.

 Radiation Biology of Conventional 
Radiation

Radiation causes damage to the DNA of tumor 
cells as well as the DNA of normal cells in its 
path. Normal tissue, however, tends to be more 
capable of DNA repair than tumors. This is partly 
due to aberrant cell cycle control mechanisms 
within tumors as well as differences in genetic 
features that permit damages to the abnormal 
tumor phenotype. Additionally, aberrations in 
metabolic patterns may also make tumors more 
susceptible to increased oxidative stress com-
pared to normal cells.

In order to repair DNA damage, cells require an 
adequate amount of time. Therefore, normal cellu-
lar response to irradiation is to delay the cell cycle. 
Interestingly, the length of the G2 phase delay posi-
tively correlates with radiation resistance. 
Therefore, the radiobiology of differential cell 

repair is of great importance for conventional 
radiotherapy. Conversely, repair plays a less critical 
role as the number of fractions decreases and the 
dose per fraction increases (as in radiosurgery).

Cell survival after single doses of radiation is 
a probability function of the absorbed dose, mea-
sured in the unit gray (Gy). Typical mammalian 
cell survival curves obtained after single-dose 
radiation treatments in culture have a characteris-
tic shape including a low-dose shoulder region 
followed by a steeply sloped portion at higher 
doses [4, 5]. The shoulder region is interpreted as 
the accumulation of sublethal damage at low 
doses with lethality resulting from the interaction 
of two or more of these events. For instance, due 
to the ability to repair single-strand DNA breaks, 
such damage would be considered sublethal. 
However, double-strand breaks may result in per-
manent cellular changes, which may culminate in 
cell death. Such a model can be described by the 
following probabilistic equation in which proba-
bility (cure or complication):
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where K is equal to the number of clonogens and 
α and β are constants related to single-event cell 
killing and cell killing through the interaction of 
sublethal events, respectively, and D represents 
the radiation dose.

The α/β ratio is the single dose at which over-
all cell killing is equally attributable to both com-
ponents of cell killing, such that [6]:

 
a b

a
b

D D D= =2 or
 

This model, known as “the linear-quadratic 
model,” has some limitations when applied for 
radiosurgery as compared to conventional radia-
tion therapy [7]. Nevertheless, it still provides a 
meaningful method to compare radiosurgery to 
fractionated radiation schemes. The α/β ratio var-
ies and is dependent on the tumor and tissue type 
being treated. Late responding tissues (e.g., pros-
tate) have an α/β ratio of approximately 3, 
whereas many tumors have an α/β ratio of nearly 
10. The α/β ratios for skin or mucous membranes 
range from 5 to 8. Tumors with low α/β ratios 
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(i.e., a small alpha or single hit component for 
radiation kinetics) will have less of a desired 
effect when a low radiation dose per fraction 
scheme is used than when comparable tissues 
with a high α/β ratio are treated identically. The 
radiation dose may be normalized to an equiva-
lent 2  Gy per fraction dose (NTD2Gy) via the 
following formula [8]:
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where D is the total dose, d is the dose per frac-
tion, and α/β is an intrinsic property of the irradi-
ated tissue.

Conventionally fractionated radiation therapy 
relies on the four Rs of radiobiology, which are as 
follows: (1) repair of nonlethal injury, (2) reoxy-
genation of hypoxic tumor cells, (3) repopulation 
of tumor cells, and (4) reassortment of tumor 
cells into more susceptible phases of the cell 
cycle. Both conventional radiation therapy and 
radiosurgery have their advantages and disadvan-
tages. The chosen modality is dependent on the 
clinical scenario; for instance, fractionated regi-
mens are not efficacious when treating functional 
lesions (e.g., secretory pituitary adenomas) [7].

As mentioned previously, tissue hypoxia at a 
PaO2 <30  mmHg inhibits the development of 
DNA damaging free radicals, thereby minimiz-
ing the degree of radiation damage. Experimental 
studies and clinical experience have suggested 
that aerated cells become nonviable following 
irradiation and that the site of irradiation is domi-
nated by hypoxic cells. Consequently, substantial 
radiation dose escalation of a tumor may prove to 
have diminishing returns, as hypoxic cells are not 
adequately depopulated. However, reoxygen-
ation, whereby tumors, may reestablish their 
oxygenated state between sessions if the radia-
tion is delivered in fractions, making them more 
susceptible to radiation-induced damage. 
Reoxygenation is dependent on a variety of fac-
tors, such as the reduction of oxygen consump-
tion by dead cells and the reduction in number of 
cells in relation to capillary blood supply.

Malignant tumors typically fall into the cate-
gory of early-responding tissues mainly com-

prised of hypoxic cells, whereas normal brain 
and spinal cord tissue consists primarily of late- 
responding tissues comprised of mainly well- 
aerated cells. When treating malignant tumors, an 
argument can be made both in favor and against 
fractionation. While fractionation does increase 
the cell kill of a tumor for a given total radiation 
dose, it also reduces the damage to critical late- 
responding normal tissues (normal brain). 
However, fractionation permits malignant tumor 
cells to repopulate between fractions. This phe-
nomenon is in stark contrast to the treatment of 
many benign tumors and arteriovenous malfor-
mations with radiosurgery, in which both targeted 
abnormal tissue and normal brain tissue consist 
of late-responding tissue of similar radiological 
types. In these situations, there is very little gain 
to be made with fractionation.

The standard approach to conventional radio-
therapy involves treatment 5  days per week in 
1.8–2 Gy fractions. This dose is most commonly 
used, as it has been shown to be well-tolerated in 
multiple different tissue types. For practical pur-
poses, the radiation tolerance of the whole brain 
is considered to be 45–50 Gy in 20–25 fractions. 
However, this dose still may result in neurocogni-
tive decline over time.

 Radiation Biology of Radiosurgery

A therapeutic advantage may also be achieved 
by depositing more radiation dose in the tumor 
than in the surrounding normal tissue, which is 
the fundamental radiobiologic rationale of 
radiosurgery. A single radiation beam entering 
a patient begins with a region of low dose that 
progressively increases at the target where 
multiple radiation beams are cross-fired. As a 
result, the surrounding normal nervous tissue 
is spared from the high doses of radiation. This 
rapid dose falloff is the basic principle 
employed to spare normal tissue in radiosur-
gery. Although the characteristics of cross-fir-
ing are also used in conventional radiotherapy, 
the practical limits in conventional radiother-
apy are two to four  treatment fields, and deliv-
ery accuracy is on the order of 1 cm or more in 
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many anatomic sites. In the case of radiosur-
gery, since hundreds of beams are added 
together, the isodose lines take on the tumor 
configuration and deliver a highly conformal 
radiation field corresponding to the tumor 
while the steep falloff of dose prevents expo-
sure of surrounding tissues to high doses and 
damage. In 1951, Lars Leksell at the Karolinska 
Institute in Stockholm, Sweden, utilized these 
principles and first described the concept of 
radiosurgery. He described the use of radiation 
therapy as a means of replacing the scalpel or 
electrode for functional neurosurgery.

The initial radiosurgery concept of Leksell 
was for the treatment of functional neurological 
disorders (e.g., trigeminal neuralgia), but it now 
has expanded to become a standard treatment 
option for numerous benign and malignant cen-
tral nervous system conditions. When performing 
radiosurgery, the surgeon does not attempt to 
spare certain tissues and treat others; rather the 
goal is to achieve inactivation or destruction 
within the targeted volume. The obliteration of 
vascular supply with resultant endothelial dys-
function of tumor vasculature also appears to 
play a much more significant role in radiosurgery 
than radiation therapy.

 Common Radiosurgery Platforms

 Gamma Knife

The Gamma Knife (Elekta AB, Stockholm, 
Sweden) operates by precisely aligning the 
gamma-ray emissions from an array of 60Co 
sources so they all intersect at a single point, 
which is known as the focus point (Fig.  17.1). 
Individually, each beam has a comparably low 
dose rate. However, the summation of the beams 
at the focus point creates a highly concentrated 
dose. By spreading the energy of a treatment out 
among the beams (current models use either 201 
or 192 beams, depending on the type of unit), it is 
possible to achieve a highly conformal radiation 
dose within the target volume while largely spar-
ing normal brain tissue because the dose rapidly 
falls to a low level as the distance from the focus 
(or isocenter) increases. Dosimetry in Gamma 
Knife radiosurgery is quite different from that of 
conventionally fractionated radiation therapy 
which focuses on dose homogeneity within the 
target volume; however, the steep dose gradient 
and isocentric plane achieved by the Gamma 
Knife means that dose within the target is inho-
mogeneous (Fig. 17.2) [9].

Fig. 17.1 The modern 
Gamma Knife Icon, a 
radiosurgical platform 
utilizing Cobalt-60 and 
allowing for frame- 
based and frameless 
intracranial radiosurgery
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As previously described, radiosurgery is 
dependent upon on the synthesis of stereotaxis 
and 3D imaging. The Gamma Knife accom-
plishes this by using the Leksell frame-based ste-
reotactic system for localization and associated 
fiducial systems for imaging and treatment plan-
ning. The surgeon plans a treatment by defining 
one or more isocenters (commonly called 
“shots”) which is a location within the brain that 
will be placed in the focus point of the Gamma 
Knife unit for a specified period of time. By care-
fully manipulating the location of the isocenters, 
the dwell time at each location, and blocking shot 
apertures, a highly conformal treatment plan can 
be generated.

The Gamma Knife unit consists of several 
main components: a large spherical shield (the 
bulk of the unit) which contains the array of 
60Co sources and protects the patient and opera-
tional staff from gamma radiation emissions, a 
central body which holds the source array and 
contains the primary collimation system that is 
responsible for directing the gamma rays to the 
focus point, a treatment table which moves the 
patient’s head in and out of the unit (and in more 
recent units precisely positions the head so the 
target is at the focus point), a control suite to 

allow operational control of the unit, and a treat-
ment planning system which allows the neuro-
surgeon in conjunction with a radiation 
oncologist and medical physicist to create 
appropriate dose distributions.

Older Gamma Knife units (models B, C, U, 
and 4C) use an external, helmet-based system for 
final beam collimation. Each helmet contains 
multiple removable collimators machined to 
result in a particular field size (4  mm, 8  mm, 
14 mm, or 18 mm). Individual collimators may 
be replaced with solid “plugs” to achieve 
 particular beam-shaping effects, used mainly for 
the protection of critical structures proximal to 
the target volume and enhancing the conformal-
ity of the beams. Dose plans which make use of 
more than one field size or which use plugs 
require the operator to change helmets/plugs dur-
ing radiosurgery session. In more recent 
Perfexion and Icon Gamma Knife models, the 
external collimation system has been replaced by 
a single, internal collimating structure with pre-
cisely machined individual collimators (4  mm, 
8 mm, and 16 mm). The Cobalt-60 source array 
has been split into eight separate sectors with 
source holders which can slide on linear bearings 
driven by motors at the rear of the unit to align 

Fig. 17.2 Example of the dose heterogeneity used in radiosurgery. While 18 Gy is prescribed to the tumor margin, a 
much higher dose can be safely allowed within the tumor
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the sector with any of the available collimator 
sizes or a “blocked” position. Thus, each of the 
eight sectors may be independently configured, 
leading to the possibility of a “composite” iso-
center which is composed of multiple field sizes. 
In the Perfexion and Icon, shielding with plugs (a 
highly manual process) has similarly been 
replaced by the fully automated process of set-
ting a sector to the blocked position. The Icon 
also adds the flexibility of a mask-based system, 
cone beam CT, and infrared tracking for hypo-
fractionated radiosurgery.

 LINAC-Based Radiosurgery

Linear accelerators were first proposed radiosur-
gery platforms by Larson et al. in 1974. The earli-
est reports on clinical LINAC-based radiosurgery 
were published in 1984 by Betti and Derechinsky 
and in 1985 by Colombo et  al. and Hartmann 
et  al. The linear accelerators used for radiosur-
gery are typically modified from the machine that 
used for routine cancer therapy to achieve smaller 
beam sizes and more precise positioning 
specifications.

Various approaches have been developed to 
utilize LINACs as a radiosurgical tool. However, 
most approaches follow the same basic funda-
mental technique. Combinations of treatment 
table, gantry rotations, and collimator rotations 
are employed to direct the photon beams to the 
intracranial target from many different angles 
(instead of the 1–5 beams used in traditional radi-
ation therapy, more than five beams can and are 
often used). By making use of two intersecting 
axes of rotation and by putting the center of the 
target at this intersection point, beam entry points 
over the entire upper hemisphere of the skull can 
be targeted. Multileaf collimators (MLCs) are 
employed to shape the treatment field at each 
location and may be modulated to achieve par-
ticular dose distributions. If x-rays are directed 
into the head while the gantry is rotating, the cen-
tral line of the beam might trace out paths, known 
as arcs. Combinations of arcs and modulating 
MLCs can aid in achieving conformal dose distri-
butions. Finally, there exist on the market a num-

ber of dedicated LINAC-based radiosurgery 
platforms (Fig.  17.3), including Varian’s Edge 
(Palo Alto), Elekta’s Versa HD (Elekta AB, 
Stockholm), Tomotherapy© Hi-Art© 
(Tomotherapy Inc., Madison), the Cyberknife 
(Accuray® Inc., Sunnyvale), and Novalis 
(BrainLab, Germany).

Another LINAC-based radiosurgery modality 
that has been gaining traction in recent years is 
magnetic resonance (MR)-based LINACs [10]. 
These devices are unique in that they are a hybrid 
LINAC and magnetic resonance imaging (MRI) 
scanner. The major advantage of these devices is 
that MRI is capable of providing superior soft 
tissue contrast throughout the body, both prior to 
and during treatment sessions. MR LINACs are 
also discussed at the conclusion of Chap. 4. This 
stands in stark contrast to cone beam CT, which 
is employed by most LINACs, can only be used 
before treatment sessions, and does not offer the 
enhanced delineation of soft tissues that MRI 
does. Therefore, MR LINACs may be able to 
deliver treatment with narrower margins, result-

Fig. 17.3 The Varian Truebeam linear accelerator, one of 
many LINAC-based radiosurgical platforms
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ing in less exposure of radiation to healthy tis-
sues and minimization of the risk of toxicity. The 
first MR LINAC was installed in 2008 at UMC 
Utrecht in the Netherlands. Since that time, an 
international consortium has been organized to 
further explore this technology with multiple 
devices installed throughout the United States 
and Europe.

 Proton Radiosurgery

To utilize a charged particle beam for radiosur-
gery, several device modifications are required. 
Since proton beams travel to different depths 
according to their energy, to provide the best 
match of Bragg peak effect to the target tissue, 
energy of the beams and spreading of the Bragg 
peak need to be adjusted during treatments. A 
common way of accomplishing this is through 
the addition of variable thickness absorbers to 
adjust the energy range of the particles. For 
instance, if four beams from different directions 
are used to treat a target, it is likely that the target 
is shaped differently from the perspective of each 
beam. In order to treat patients with charged par-
ticles, very detailed information about the target 
from the perspective of each beam is essential. 
Each beam requires a customized range- 
modifying absorber, a variable thickness rotating 
absorber, and a beam-shaping aperture. Charged 
particle radiosurgery can produce excellent dose 
distributions, but the treatment process is gener-
ally more time-consuming, expensive, and diffi-
cult than the Gamma Knife or LINAC platforms.

 Gamma Knife Frame-Based 
Radiosurgery Workflow

 Stereotactic Frame Placement 
and Imaging

Target immobilization and tracking is a fundamen-
tal aspect of radiosurgery. Historically, this has 
been achieved with frame placement, although 
alternatives have emerged as detailed in Chap. 4. 
When used, stereotactic frames are usually placed 

with local anesthesia and intravenous sedation. 
Prior to frame placement, the scalp is cleansed in a 
standard fashion and the areas of the pin place-
ments are infiltrated with a long- acting local anes-
thetic. The clinicians and technicians should 
preview the pre-SRS MR images and appreciate 
the location and the nature of the lesions and 
choose a frame placement strategy which keeps 
the target near the center of the frame, allowing for 
optimal dosimetry and avoidance of collisions. 
Collisions typically occur with the base ring, the 
post/pin assembly, and the patient’s head with the 
collimator helmet during treatment. It is important 
to avoid placement of a pin in the flexible or hemi-
flexible bone flap in patients who underwent prior 
craniotomies or have cranial hardware (e.g., a VP 
shunt). The MRI or CT fiducial should be tried on 
the frame before transferring the patient to the 
MRI unit. If the fiducial box does not fit on the 
frame because of excessive shifting, the frame 
may need to be repositioned. Confirming that the 
frame adaptor fits on the patient’s head frame is a 
vital step. If the frame is shifted too anteriorly and 
the back of the head ring is too close to the neck, 
the adaptor may not fit and the radiosurgery treat-
ment cannot be carried out. Tight fitting of the 
adaptor may cause neck discomfort, particularly 
during a long treatment. The frame cap check pro-
vides information about the geometry of all stereo-
tactic frame parts, including posts and screws, as 
well as information about patient head geometry 
and positioning in relation to the treatment plan-
ning system. This information is required for pre-
diction of potential collisions or close contract 
with the Gamma Knife collimator system. If the 
frame cap does not fit, exact post and screw geom-
etry measurements must be entered into the treat-
ment planning system to avoid the possibility of a 
potential collision.

Typically, with frame-based radiosurgery, 
patients undergo some form of a dedicated near- 
imaging study such as a thin-sliced stereotactic 
MRI with and without intravenous contrast admin-
istration. Sequences used depend on the pathology 
being targeted. For certain lesions, other imaging 
modalities may be employed, such as CT angiogra-
phy or stereotactic angiography in the case of arte-
riovenous malformations. Regular quality control 
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checks of the MRI unit are performed to ensure 
image accuracy. A special frame holder is utilized 
to avoid head movement during MRI. Additionally, 
accuracy is checked for each image sequence by 
comparing the known frame measurement with 
image measurements, in addition to the distance 
from the posterior fiducials to the middle fiducials. 
Images are defined with the SRS planning software 
after being transferred to local computers. The 
measurements are again checked and compared 
with known frame measurements and also the dis-
tance to the middle fiducial to confirm the absence 
of any distortion during image transfer.

 Treatment Planning

Regardless of the radiosurgical platform being 
utilized, stereotactic radiosurgery requires clear 
and accurate imaging of the target. Advances in 
neuroimaging over the past 25  years have 
resulted in increased efficacy and safety of radio-
surgery for intracranial lesions. The current 
treatment planning for an intracranial lesion is 
usually performed on a computer-based software 
package, where the target volume and the sur-
rounding structures are contoured. A dose plan 
can be generated to deliver an ideal dose to the 
target and a safe dose to adjacent critical struc-
tures. Various parameters such as dose-volume 
histograms for the target volume and critical 
structures can be obtained as well. Also, confor-
mality, dose uniformity, and gradient index can 
be assessed and adjustments made so as to opti-
mize the treatment plan.

Target volume can be outlined with SRS soft-
ware manually; some software packages also offer 
automated contouring. However, care must be 
taken, as careful examination of a lesion boundary 
usually demonstrated that it is not always a distinct, 
sharp line but is rather a smudge of transition 
between enhancement and non- enhancement. 
Certain optical illusions, such as the Cornsweet 
effect, mislead neurosurgeon into prescribing high 
radiation doses to inappropriate lesion contours. It 
is not uncommon for one to notice that the isodose 
lines always seem to “magically” fit the tumor per-
fectly (illusion of perfection). The visual system 
can be deceptive by causing us to perceive many 

different isodose lines as perfect fits to the same 
tumor. Therefore, some experienced neurosur-
geons and radiation oncologists generate confor-
mal dose plans without outlining the target. The 
absence of a marked lesion boundary allows the 
clinician to assess the degree of boundary confu-
sion on each image slice, avoids the error of think-
ing that a particular boundary is the only correct 
boundary, and reduces the confusion inherent in a 
display of too many lines. Of course, parameters 
including dose-volume histograms, conform index, 
and gradient index can be still obtained retrospec-
tively after a radiosurgical plan is complete.

 Dose Prescription

Typically, single-session radiosurgical margin 
doses may vary from 10 to 15 Gy for meningio-
mas, schwannomas, and other common benign 
intracranial tumors, 15–30  Gy for functioning 
pituitary adenomas [11], 18–30 Gy for arteriove-
nous malformation, and 16–24  Gy for cerebral 
metastases and other intracranial malignancies. In 
the case of trigeminal neuralgia, a maximum dose 
of 70–90 Gy is prescribed. Care should be taken 
to avoid high doses or “hot spots” residing on 
critical neurovascular structures, such as cranial 
nerves, brainstem, or carotid artery. Radiosurgery 
can be hypofractionated, typically with the cre-
ation of a stereotactic mask (Fig. 17.4), across two 
to five sessions to deliver a more optimal dose 
plan tailored to the constraints of a particular case.

 Dose Limitations to Critical 
Structures: Shielding and Plugging 
Technique

Visual deterioration following SRS is rare and 
can be avoided if the dose to the optic apparatus 
is restricted to ≦ 8Gy; however, reports of 
10–12 Gy have been described by some groups 
[12]. Typically, a distance of 3  mm or more 
between the tumor margin and the optic appara-
tus is desired. If an acceptable gradient meeting 
these parameters cannot be constructed, an alter-
native treatment option should then be consid-
ered. Modern radiosurgery platforms may allow 
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for distances as short as 1–2 mm. Ultimately, the 
tolerable absolute dose permitted likely varies 
from patient to patient and is likely affected by 
factors, such as previous damage to the optic 
apparatus by tumor compression, ischemic 
changes, type and timing of previous interven-
tions (e.g., fractionated radiation therapy and sur-
gery), patient age, and the presence or absence of 
other comorbidities (e.g., diabetes).

The majority of the cranial nerves appear to be 
more resistant to radiation effects than the optic 
nerve; however, reports of cranial neuropathy, 
particularly after repeat radiosurgery, are well 
documented. Although the tolerable limit to the 
cranial nerves is unknown, reports have detailed 
effective radiosurgical doses of between 19 and 
30 Gy to this region with a low risk of clinically 
appreciable side effects [13, 14]. Injury to the 
intracranial great vessels such as the carotid 
artery is rare after SRS. In cases where the tumor 
extends into an eloquent area, shielding and plug-
ging techniques can be used to lower radiation 
doses to critical structures.

For sellar lesions, there does appear to be a 
direct correlation between the effect on tumor vol-
ume and the endocrine remission rate following 
radiosurgery [15]. Fortunately, since most of these 
lesions are small enough to be well suited for ste-
reotactic radiosurgery, dose-volume consider-
ations are not usually a limiting factor. Additionally, 
since the systemic effects of functioning pituitary 
adenomas can be so devastating, it seems intuitive 
to deliver a reasonably high dose (≥20Gy to the 
tumor margin) to allow earlier hormonal normal-
ization although control of tumor growth can usu-
ally be achieved with just 16–18 Gy. For improved 
rates of hormonal normalization in functioning 
adenomas, a margin dose of 25 or 30 Gy may even 
be chosen. However, it is fully not known to what 
degree a higher margin dose will result in delayed 
hypopituitarism. In cases of functioning adenomas 
with radiologically identifiable targets in the cav-
ernous sinus, treatment plans can be devised with 
higher range treatment doses while shielding much 
of the normal stalk, gland, and optic apparatus.

For brainstem lesions, such as brainstem 
AVM, metastases, or tumors, dose-volume effects 
can dramatically affect dose selection. When 
post-SRS edema presents, patients can suffer 
from brainstem dysfunction, which can ulti-
mately lead to death. At the University of Virginia, 
doses up to 14–20 Gy to the tumor margin, which 
are also received by the brainstem parenchyma, 
have generally been safe. While a 20 Gy dose did 
not cause deficits in our patients with brainstem 
metastases, we generally lower our radiation 
dose and/or consider fractionated radiosurgery 
when irradiating near or within the brainstem.

 Stereotactic Delivery of Radiation 
to the Target Volume Inside 
the Collimator System

The current radiosurgery procedure is a fully 
automated process in every aspect of the treat-
ment process, including setup of the stereotactic 
coordinates, setup of different sector positions 
defining collimator size or blocked beams, and 
setup of exposure times. All radiosurgical data are 
exported to the operating console, which is used 
to control and continuously monitor patient treat-

Fig. 17.4 An example of an Aquaplast mask created for 
custom head immobilization during intracranial stereotac-
tic radiosurgery
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ment. For Gamma Knife radiosurgery, the only 
manual aspect is the positioning of the patient’s 
head in the docking device in a selected angle and 
adjusting the treatment bed height for optimal 
patient comfort. However, a clearance check for 
shots that involves close contact with the collima-
tor system needs to be performed, and the setup 
for coordinates, exposure times, and sectors for 
different isocenter on the control computer of the 
operating console should be checked. To perform 
a clearance check, a special test tool simulating 
the shape and dimensions of the inner collimator 
is attached and rotated around the patient’s head 
for various positions. This situation usually occurs 
in patients with multiple intracranial metastatic 
lesions. During the radiosurgery treatment, the 
patient can also be monitored by audio and visual 
communications. Monitoring of vital signs can 
also be performed, and the treatment can be also 
interrupted if deemed necessary.

 Removal of the Stereotactic Guiding 
Device

The final step of the procedure is to remove the 
pins and frame from patient’s head. The pin 
wound may be oozing, and frequently, bleeding 
can be stopped by simple compression although 
sometimes suturing is needed. Pin site infection 
can be avoided by administering neomycin, baci-
tracin, or other topical antibiotics. After radiosur-
gery, the patient is monitored for a few hours and 
then discharged if in stable condition. However, 
admission is permitted if the patient experiences 
unexpected events, such as seizure, nausea, 
severe pain, anesthetic complications, or new 
onset neurologic deficits.

 The LINAC-Based Radiosurgery 
Workflow

 Immobilization of the Target

The accuracy of frame-based radiosurgery (e.g., 
Gamma Knife) is usually considered to be less 
than 1 mm. In recent years, physicians have made 
great efforts in designing frameless immobiliza-

tion tools, such as mouth pieces and masks, to 
enhance patient comfort. In addition to being an 
invasive procedure, frame placement is also a 
complicated process for an extracranial and 
multi-fraction treatment. In the field of LINAC- 
based radiosurgery, some devices use frameless 
immobilization techniques (e.g., a thermoplastic 
mask or bite block relocatable frame) for the 
entire treatment (see Chap. 4). Intraprocedural 
imaging (e.g., orthogonal x-rays or cone beam 
CT) during delivery of radiosurgery can also be 
performed to confirm appropriate localization or 
make adjustments for errors. This approach 
allows for the administration of hypofractionated 
radiosurgery. However, the accuracy of this 
approach is a subject of some debate. The issue 
of precision was initially resolved with the 
description of a gantry correction device by two 
University of Florida scientists and more recently 
by the development of radiosurgery dedicated 
LINACs. This resulted in LINAC radiosurgery 
becoming a competitive technique, not only for 
lesions but also for functional disorders of the 
brain, such as trigeminal neuralgia and 
Parkinsonism. In recent medical physics reports, 
the accuracy of LINAC-based radiosurgery with 
a localizing mask can approach 1 mm [16, 17].

 Dosimetry, Prescribing to a Target 
Volume

When designing treatment plans for intracranial 
lesions, the multiple radiation fields enter 
through the top of the head. Although rarely 
used in Gamma Knife, LINAC-based radiosur-
gery more frequently applies the concepts of 
conventional radiation therapy, including gross 
target volume (GTV), clinical target volume 
(CTV), and planned target volume (PTV). The 
minimal radiation dose thought to be clinically 
safe and efficacious is prescribed to the 
PTV. The dose that adequately covers the target 
is designated as the prescription radiation dose. 
Typically, in LINAC- based radiosurgery the 
prescription isodose line is high (70–90%), 
which means that the maximal dose is 10–30% 
larger than the dose at margin of the lesion, and 
the dose distribution is more homogenous than 
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with the Gamma Knife where the margin iso-
dose is typically at the 50% isodose line.

In similar fashion to the Gamma Knife, the 
dose falloff in LINAC-based radiosurgery is also 
steep. There is some variation according to the 
collimator size and the type of planning used, 
such as multiple isocenter, dynamic arcs, or static 
beams. The area of radiation dose falloff is known 
as the penumbra. Similar to the Gamma Knife, 
radiation dose in the penumbra may be suffi-
ciently high enough to cause toxicity. When treat-
ing lesions adjacent to an eloquent area, such as 
brainstem, motor area, and spinal cord, it is abso-
lutely necessary to consider the dosimetric con-
sequences of the penumbra. Although it is 
attractive to cover the lesion with an additional 1 
or 3 mm expansile margins, the risk of radiation- 
induced damage is not always justifiable. 
However, modern techniques available in LINAC 
radiosurgery (e.g., intensity modulation) can be 
used to optimize dose falloff in the vicinity of 
critical structures.

The different weighting and length of the arcs 
to achieve asymmetric dose falloff around a 
lesion can lead to some heterogeneity. Using a 
multiple isocenter technique usually brings a 
more heterogenous plan, compared to a shaped 
beamed technique. A major advantage of heter-
ogenous plans is that you can move the “hot spot” 
to the necessary area (e.g., the most enhanced 
area or most diffusion-restricted area of the tar-
get). The clinical consequences of sparing nor-
mal tissue with multiple isocenter prescriptions 
at the 50% isodose line versus LINAC shaped 
beam prescriptions at the 90% IDL are not well 
understood. The gradient index is device depen-
dent and is not fixed to a particular isodose line. 
Optimization of the conformality and gradient 
indices should always be considered with each 
unique dose plan.

 Methods of Conformality in LINAC 
Machine

Significant development of the techniques of 
LINAC conformal radiation therapy, including 
multiple isocenter, shaped beams, and pencil 

beam approaches, was afforded by the computer-
ized imaging, 3D treatment planning software, 
and fast-delivery LINACs. Shaped beam radio-
surgery is possible with LINACs equipped with a 
multileaf collimator. Such a collimator automati-
cally changes the shape of the radiation beam, 
depending on the information obtained by the 
beam eye’s view (BEV) representation of the tar-
get lesion. This is possible because of the avail-
ability of 3D reconstruction of the target volume 
in modern planning software. Dynamic arcs and 
static beams are the two approaches for contem-
porary shaped beam radiosurgery.

With technical advances, intensity-modulated 
radiosurgery (IMRS) is a strategy to enhance the 
efficacy of radiation delivery; this concept was 
first described by Anders Brahme. In 1988, he 
proposed that the conventional trial-and-error 
paradigm for treatment planning be reversed and 
that one derive the optimal beam intensities from 
the desired dose distribution by using determinis-
tic techniques. Since that time, several methods 
have been developed in both planning and deliv-
ery technology to allow the optimal intensity to 
be delivered. With the advent of micro-multileaf 
collimators, it is now possible to perform 
IMRS. The success of IMRS hinges on the devel-
opment and implementation of three compo-
nents: (1) inverse planning, (2) leaf sequencing, 
and (3) delivery with a tightly integrated accel-
erator and a multileaf collimator.

Inverse planning technique is an optimization 
process whereby one specifies a desired dose 
 distribution and searches for the beam intensity 
distribution that will satisfy these specifications. 
This is generally accomplished with an objective 
function that is then minimized through a math-
ematical operation. In theory and practice, there 
are many functions, both physically and biologi-
cally based, that can be applied as the objective 
functions. The physical method called the 
dynamically penalized maximum likelihood 
(DPL) algorithm has been integrated into many 
commercial treatment planning systems for 
inverse planning of intracranial lesions. An 
advantage of the DPL approach is the ability to 
compute a multitude of inverse plans simultane-
ously. This allows for varying levels of emphasis 
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to be placed on the target and organs at risk, with 
the clinical team selecting the appropriate plan 
for the individual lesion on the basis of the dose- 
volume histogram and dose distribution 
information.

Another important advancement in LINAC- 
based radiosurgery is the volumetric radiation 
technique, which can result in comparable or 
improved dose conformity while significantly 
shortening treatment times. RapidArc is an 
example of a volumetric arc therapy that delivers 
a radiation dose with a single or several gantry 
rotations of the LINAC. It is made possible by a 
treatment planning algorithm that simultaneously 
changes three parameters during treatment: (1) 
rotation speed of the gantry, (2) shape of the 
treatment aperture with a multileaf collimator, 
and (3) radiation dose rate. This allows for the 
delivery of treatment several times faster than 
with other dynamic treatments. The treatment 
time with RapidArc is often shorter than with 
other dynamic treatments.

 Frameless Radiosurgery 
and the Spine

In recent years, frameless, image-guided radio-
surgery has gained a great deal of traction and has 
emerged as a new tool to overcome some of the 
limitations of frame-based treatments. 
Characterizing the patient’s movement and, in 
turn, the target and adjacent critical structures 
during image-guided radiosurgery is crucial, par-
ticularly in spinal radiosurgery. Highly confor-
mal delivery, such as with multiple circularly 
collimated beams, dynamic conformal arcs, and 
IMRS, has even been used to achieve the pre-
scribed tumor dose. Presently, multiple frameless 
radiosurgery platforms exist and are widely 
employed for both intracranial and extracranial 
targets. The Gamma Knife Icon radiosurgery 
platform utilizes the same basic core principles 
as the classic Gamma Knife but is able to achieve 
adequate immobilization with the use of a mask 
and not a stereotactic frame (Figs. 17.1 and 17.4).

Image landmarks with either radiopaque fidu-
cials implanted in the vertebrae or direct imaging 

of vertebral anatomy have been used to localize 
spinal anatomy and associated tumors [18]. 
Immobilization is typically accomplished by 
using moldable cushions with the patient lying in 
the supine position to reduce target movement as 
a result of respiration. Yin and colleagues 
observed <1 mm of respiratory-induced motion 
in vertebral bodies during fluoroscopic studies of 
patients lying in the supine position [18]. Another 
report demonstrated that spinal anatomy may 
move >2 mm during the radiosurgery treatment 
[19]. Agazaryan et  al. [20] observed that verte-
bral anatomy movements which vary as much as 
3 mm and could occur in as little as 5 minutes. 
These results suggest a need for intrafraction 
patient monitoring/imaging and correctional 
shifts, even for patients whose overall treatment 
times are expected to be relatively short.

However, several studies have demonstrated 
an uncertainty of the spinal cord dose associated 
with simulated patient positioning errors and the 
need for an accurate understanding of uncertainty 
in setup and movement. Additionally, post-SRS 
myelitis has also seen albeit rarely. For spinal 
radiosurgery, spinal cord tolerance, measurement 
of patient translations and rotations during SRS 
delivery, and analyzing post-SRS complications 
are being further investigated.

Exponential growth of the extracranial appli-
cations of radiosurgery is likely to be observed in 
the coming years, and it can be expected that 
radiosurgery will play an expanding role in the 
setting of spinal metastasis.

 Proton Beam Radiosurgery

There are two approaches when performing pro-
ton radiosurgery. The first approach is using pro-
ton cross-fire, and the second one is using the 
effect of Bragg peak. The idea of “cross-fire” 
comes from Lawrence in 1954 and Leksell in 
1957, who used protons as their radiation source. 
Lawrence et  al. at University of California, 
Berkeley, treated targets with multiple proton 
cross-fire arcs from each side of the head, with 
the beams being oriented to avoid dose overlap in 
normal tissue but intersecting at the center of the 
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target [21]. Leksell used the same principles with 
a 185-MeV proton beam and targeted a lesion 
through stereotactic fixation [22]. Subsequently, 
this approach was refined using the high energy 
of a cyclotron [23].

The second approach is utilizing the effect of 
the Bragg peak, which was developed from the 
team at the Harvard Cyclotron Laboratory in 
1961. The facility was limited to a 160-MeV pro-
ton beam that had an insufficient beam range to 
use the cross-fire approach; however, the Bragg 
peak can be applied in such a setting. Unlike the 
cross-fire approach, proton beams aimed from 
the vertex of the head toward the feet could be 
utilized with no downstream dose to the thorax 
because of the finite range of protons, which 
were calculated to stop within the target. Although 
the technical challenge remained the ability to 
precisely stop the protons at the desired location, 
several improvements such as lamination plan-
ning, and combined peak called the spread-out 
Bragg peak (SOBP), were established.

Currently, proton beams are delivered 
through fixed-horizontal-beam rooms or rota-
tional-beam rooms. The STAR system, a stereo-
tactic intracranial beam line equipment, is 
located at the Massachusetts General Hospital 
in Boston. Using the STAR system, patients can 
be treated by position on the couches or specific 
chairs, and the procedure involved in proton 
radiosurgery is similar to those for photon-based 
SRS mentioned above.

The STAR device utilizes the Brown-Roberts- 
Wells (BRW) coordinate system. Using BRW 
frames with local anesthesia, patients were 
secured with bolsters within the STAR system so 
that they could be rolled on their side as needed 
to treat with oblique fields. At the hospital-based 
proton therapy facility, radiosurgery is performed 
with both the gantry units and the STAR system. 
The gantry units employ non-isocentric 4-axis 
robotic patient positioning and amorphous sili-
con panels for digital imaging rather than film. 
Final proton beam shaping is achieved with cus-
tom brass apertures for each treatment beam and 
lucite compensators to create the distal shape of 
the beam. However, the fixed beam line of the 

STAR system has fewer degrees of freedom of 
treatment positions but has the advantage of more 
conformal delivery of treatment. The beam is 
transported from cyclotron at 185  MeV and 
reduced to the necessary energy and depth with 
the appropriate combination of absorbers in the 
form of a single scattering system. The resulting 
lateral dose uniformity of ±2.5% at the isocenter 
depth produces a sharper lateral dose falloff than 
can be achieved with the gantry field, which is 
particularly favorable for radiosurgery, where 
short dose gradients between target and nontarget 
tissues are desirable.

Proton radiosurgery costs are higher and 
require more complicated approaches than pho-
ton radiosurgery. Theoretically, the physical 
characteristics of protons should make them an 
effective modality for stereotactic radiosurgery, 
although small and conformal proton beam fields 
are very difficult to accurately model, and 
extraordinary care should be taken to avoid 
patient injury. The future of proton radiosurgery 
promises to be more cost-effective, easier to use, 
more reliable, and able to deliver more precise 
doses. Compact proton systems such as one by 
Mevion are now being utilized; additionally, 
other charged particles (e.g., carbon ion) are 
being explored for stereotactic use as well.

 Conclusion

Stereotactic radiosurgery is a minimally invasive 
technique that can be used to treat a multitude of 
pathologies of the central nervous system (both 
benign and malignant). While there are 
 fundamental principles of physics and radiation 
biology that hold true for radiosurgical treat-
ments, there are several important differences 
depending on the energy source and platform 
being utilized. Since the Gamma Knife was first 
introduced in 1968, there has been a myriad of 
advances in the field, which have resulted in 
improved safety and efficacy. The field of radio-
surgery continues to move forward with greater 
indications, expansion to particle-based delivery, 
and the adoption of frameless methods.
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Parkinson’s Disease: Deep Brain 
Stimulation

Donald J. Crammond and R. Mark Richardson

 Introduction

Modern deep brain stimulation (DBS) for 
Parkinson’s disease (PD) was developed in the 
1980s, based on the discoveries of Benabid and 
colleagues [1], and then further refined in the 
1990s [2]. DBS for PD is now the most common 
surgical treatment for PD, largely replacing abla-
tive therapies, because of its clinical efficacy, 
reversibility, and adjustability. Currently, besides 
the ventral intermediate nucleus (Vim) of the 
thalamus which is used only for tremor-dominant 
PD, there are two basal ganglia target nuclei for 
DBS implantation in PD, the subthalamic nucleus 
(STN) and the pars interna of the globus pallidus 
(GPi).

The basal ganglia are components in a com-
plex motor system affected by PD via decreased 
dopaminergic transmission in the putamen sec-
ondary to progressive loss of dopaminergic 
innervation from the substantia nigra pars com-
pacta. Thus, best medical therapy with levodopa 

results in resolution of many PD motor symp-
toms. However, the dose escalation required to 
counter the progressive dopaminergic loss 
eventually leads to levodopa-induced dyskine-
sia and to large “on-off” medication motor fluc-
tuations. DBS was first popularized in the 
treatment of PD patients with these motor com-
plications, since it can increase medication 
“on-time” and, depending on target, reduce 
medication dosage. Research has consistently 
demonstrated the benefits of DBS for PD 
patients.

 Outcomes

The first multicenter and highly influential study 
of the application of DBS in the United States 
was the Veterans Affairs (VA) Cooperative 
Studies Program [3]. This study demonstrated a 
significant increase in “on-time” without trou-
bling dyskinesia for patients with either STN 
DBS or GPi DBS as compared to best medical 
therapy. In addition, the DBS group showed 
greater improvement in UPDRS scores, levodopa 
dosing, and quality of life measures than the best 
medical therapy group. Since then, similar find-
ings of significant motor benefit beyond that of 
medication alone have unequivocally been con-
sistently replicated in PD patients undergoing 
DBS: Jiang et al. [4] found at 5 years that STN 
DBS improved UPDRS scores in the “off” state 
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by 35% while Merola et  al. [5] found similar 
“off” state improvements in UPDRS as well as 
ADL scores compared to best medical therapy.

Other studies have demonstrated the efficacy 
of STN DBS for PD over the long term. The VA 
Cooperative study followed patients for 2 years 
and demonstrated that clinical efficacy was main-
tained for both STN DBS and GPi DBS over that 
time [6]. Other studies have followed PD patients 
at longer intervals and have demonstrated stable 
improvement in motor symptoms, improved 
quality of life measures, and decreases in 
levodopa equivalent daily dose, with STN DBS at 
4  years [7], 5  years [4], 6–9  years [8–10], and 
10 years [11–13]. At longer follow-up intervals, 
it does appear that STN DBS efficacy is some-
what diminished [4] and that axial symptoms, 
i.e., postural instability gait difficulties, become 
the dominant symptoms [8] as well as worsening 
bradykinesia [13]. Limousin and Foltynie [14] 
reviewed 15 studies using similar criteria of STN 
DBS after 5  years and UPDRS Part III studied 
during off-medication periods which demon-
strated substantial DBS-induced improvements 
in rigidity and tremor at 5 years and longer, with 
declining benefit for bradykinesia and axial signs, 
compared to 1 year. Although only two long-term 
outcome studies (>5  years) in GPi DBS have 
been published [15, 16], GPi DBS significantly 
improves UPDRS III scores after 5 years with the 
greatest benefit to rigidity and dyskinesia.

 Patient Selection for DBS

Most centers that perform DBS have a dedicated 
multidisciplinary movement disorders team, con-
sisting of movement disorder neurologists, neu-
rophysiologists, neurosurgeons, and 
neuropsychologists and including physician 
assistants and/or nurse practitioners. Each mem-
ber plays a unique role in the evaluation, selec-
tion, implantation, programming, and follow-up 
of PD patients undergoing DBS.  Early patient 
selection criteria at most centers were based on 
Core Assessment Program for Surgical 
Interventional Therapies in PD (CAPSIT-PD) 
guidelines, which were established in 1999 [17] 

and were based on the STN as the primary target 
for DBS therapy. These initial guidelines included 
age criteria (i.e., <70 years of age), minimal dura-
tion of PD since diagnosis (>7 years), as well as 
guidelines for on-off medication UPDRS ratings 
and absence of contraindications such as signifi-
cant cognitive deficits, dementia, and certain psy-
chiatric and medical comorbidities.

At our center, patients are typically referred 
for initial evaluation to a movement disorder neu-
rologist. Patients complete a thorough evaluation 
to confirm their PD diagnosis and are excluded as 
surgical candidates if they have not been ade-
quately medically optimized or if they have sig-
nificant comorbidities that would preclude them 
from surgery. Those patients who pass through 
the initial evaluation are then presented at a mul-
tidisciplinary conference to determine their eligi-
bility for DBS. Patients who are deemed potential 
surgical candidates then undergo a high- 
resolution MRI scan to exclude structural abnor-
malities, on-off UPDRS testing, and a thorough 
neuropsychological evaluation to identify any 
relevant cognitive or psychiatric concerns.

A 30% improvement in UPDRS motor symp-
toms from the off to on medication state, which 
predicts a good response to DBS [18], is a typical 
inclusion criterion at most centers. Although 
some argue that selection of patients for DBS 
should be more rigorous given the risks of sur-
gery and development of newer dopaminergic 
agents [19], the field as a whole has been moving 
toward increasing the availability of DBS treat-
ment to a wider range of PD patients.

Historically, referral for DBS is made when 
patients with PD develop medication-related side 
effects (i.e., dyskinesias), experience large on/off 
fluctuations throughout the day, or cannot toler-
ate medication side effects. The initial 
CAPSIT-PD criteria, developed two decades ago, 
are now widely acknowledged as too restrictive, 
for instance, recommending implantation only 
for patients who have had symptoms for >5 years 
and who are <70 years of age. At many centers, 
the time and age recommendations have been 
gradually expanded to include patients with 
symptoms of a shorter duration and to include 
older patients. However, a recent review of 
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patients in the UK between 1997 and 2012 found 
that timing of DBS implantation for patients with 
PD has remained relatively stable, with a mean 
age for implantation of 60 years and a mean time 
from PD diagnosis of 11 years [20]. One concern 
in the implantation of DBS in older patients is 
that there may be higher rates of more serious 
complications. However, a recent retrospective 
study of over 1700 patients with Parkinson’s dis-
ease undergoing DBS up to age 90 did not find a 
significant increase in complication rate (i.e., 
intracranial hemorrhage, infection, pulmonary 
embolism, or pneumonia) or length of hospital 
stay, as age increased [21]. Thus, DBS appears to 
be just as safe for older patients with PD, although 
a long-term outcome study that parsed PD 
patients into three age groups found that after 
5 years of DBS, the older patients (aged 65 and 
older) had less benefit of DBS, as significantly 
worse axial scores and no improvement in mood 
and cognition scores were reported, compared to 
younger PD patients with DBS [22].

 Should Patients Be Referred Earlier 
for DBS?

Due to the successful DBS treatment of multiple 
PD motor symptoms in patients with advanced 
PD, there has been a push toward implantation at 
earlier ages in the disease or soon after the 
appearance of motor complications. The 
EARLYSTIM trial was the first randomized con-
trol trial examining early implantation of DBS 
[23]. PD patients were implanted in the STN 
after carrying a diagnosis for at least 4  years; 
mean duration of disease was approximately 
7.5  years, with dyskinesias and motor fluctua-
tions present in patients for approximately 
1.5 years. In addition, patients were only included 
in the study if they had a minimum 50% dopa-
mine response. The results of this study demon-
strated a significantly greater improvement in 
off-medication UPDRS-III motor scores of 53% 
for the DBS group, compared to no change for 
best medical therapy alone.

Smaller studies have also shown the potential 
benefits of earlier DBS implants. For instance, a 

retrospective study comparing early STN DBS 
(i.e., <3 years of symptoms) to late STN DBS (i.e., 
>3 years of symptoms) demonstrated a sustained 
improvement in activities of daily living at 8-year 
follow-up for the early stimulation patients who 
never reached the severe levels of disability 
reported by the late STN group [5]. A different 
study of early onset PD <4 years also showed that 
STN DBS is well tolerated and associated with 
lower medication requirements in the DBS + best 
medical therapy group as compared to best medical 
therapy alone [24]. Although there is no evidence 
that human DBS in PD is a restorative treatment 
through a regenerative process, studies in rodent 
models of nigrostriatal dysfunction suggest that 
DBS has effects on growth factor release and sig-
naling that could potentially have clinical benefit if 
achieved at an earlier stage of the disease, when 
less nigrostriatal dopaminergic degeneration has 
occurred [25, 26]. A study using transcranial motor 
evoked potentials suggested that DBS may produce 
clinical benefit through restoring cortical plasticity 
in motor cortex [27]. This suggestion aligns with 
evidence that STN DBS works, in part, by reducing 
pathological levels of phase-amplitude coupling in 
motor cortex [28]. The field is still at an early stage 
in terms of understanding how measurable changes 
in physiology during DBS may impact functional 
connectivity across the basal ganglia- 
thalamocortical circuit over time [29].

In contrast to the growing evidence in support 
of early DBS treatment, there is limited evidence 
to consider deselecting patients with very 
advanced pathology. Vasques et  al. [30] exam-
ined long-term outcomes of GPi DBS in patients 
with severe dystonodyskinetic syndrome at up to 
8-year follow-up. When patients were separated 
according to the GPi volume at the time of sur-
gery, they found that patients showing less 
response to DBS had significantly smaller GPi 
volumes. This finding suggests that the mecha-
nisms of DBS action may require a certain mini-
mum volume of unaffected neural tissue to be 
present to allow the direct effects of basal 
ganglia- cortical circuit neuromodulation from 
DBS to occur. To extend this argument, the ben-
efits of early DBS implantation may be related to 
several factors related to the remaining volume of 
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healthy DA neurons in the substantia nigra soon 
after PD diagnosis, including direct symptom 
relief through DBS therapy, reduced LEDD over 
the long term, which will prolong the efficacy of 
levodopa, and the preserved potential for restor-
ative processes acting throughout the cortical- 
basal ganglia motor circuitry. Of note, Ngoga 
et al. [31] reported that DBS improves survival in 
severe PD patients as compared to similar PD 
patients who declined DBS therapy, though the 
underlying reason for this improved survival was 
not be determined.

 Cost-Effectiveness of DBS

One criticism of DBS therapy is related to its per-
ceived cost-effectiveness compared to best medi-
cal therapy alone. DBS therapy does cost more 
than best medical therapy alone, at least up front, 
most of which is accounted for by the cost of the 
device and the implantation surgery. Several 
studies of cost analyses of DBS implantation in 
Europe [32–34], however, have shed light on the 
long-term costs of DBS that are favorable toward 
DBS, when accounting for the value of improved 
quality of life factors, increased productivity, 
reduced medication costs, and decreased 
PD-related injuries. For instance, Dams et  al. 
[34] found that within the German health system, 
implantation according to the EARLYSTIM cri-
teria resulted in an incremental increased cost of 
22,700 EUR per quality-adjusted life year 
(QALY = 1 year of life × 1 utility value) for STN 
DBS. They concluded that the additional cost of 
DBS was cost-effective for the benefit in QALY, 
given that it was below a derived cutoff of 50,000 
EUR per QALY.  The United Kingdom and 
Swedish studies concurred and concluded that 
the initial costs of DBS are offset by the long- 
term medication savings.

 Target Selection: STN vs. GPi

The majority of a now large collection of studies 
examining STN and GPi DBS in PD have overall 
demonstrated similar motor outcomes up to 

6 months postoperatively. A meta-analysis of six 
publications involving 563 patients followed for 
6–12 months [35] did not find differences in ther-
apeutic efficacy between targets. However, STN 
DBS was associated with reduced medication 
while GPi DBS provided greater relief of psychi-
atric symptoms. A meta-analysis of STN DBS 
versus GPi DBS with multiple inclusion and 
exclusion criteria that assessed UPDRS III and 
PDQ-39 ADL scores longer than 2  years [36] 
showed no differences in total UPDRS III scores, 
no difference in motor subtypes, greater improve-
ments in PDQ-39 ADL for GPi DBS, and greater 
decreases in LED scores for STN DBS. A litera-
ture review of both STN and GPi DBS therapy 
for PD with at least 3-year [37] and 5-year [38] 
outcome data concluded that DBS therapy in 
both targets is effective at controlling the primary 
motor symptoms of PD (tremor, rigidity, dystonia 
and on-medication dyskinesias, and motor 
fluctuations).

Longer-term follow-up studies suggest that 
the effects of stimulation at these two targets are 
not wholly equivalent. For instance, Rodriguez- 
Oroz and colleagues [7] followed patients for 
4  years after implantation with STN or GPi 
DBS. They found that while both targets resulted 
in stable motor improvement, only STN DBS 
was associated with significant decreases in 
dopaminergic medication, while GPi was not. On 
the other hand, STN DBS was associated with 
worsening speech side effects and postural stabil-
ity. The Netherlands SubThalamic and Pallidal 
Stimulation (NSTAPS) study compared symp-
tom response and level of disability for the STN 
and GPi [39]. Overall, there were no differences 
in UPDRS scores and severity of disability dur-
ing the on state. However, there were larger 
improvements in these domains during the off 
state for STN patients as well as a greater reduc-
tion in levodopa dosing. This finding suggests 
that the STN may be a better target than the GPi 
for patients with advanced PD. This finding per-
sisted at 3-year follow-up [40]. In addition, this 
study did not find any differences in cognition, 
mood, or behavioral indices at long-term follow-
 up between STN and GPi DBS. However, patients 
in the GPi group were more likely to have a 
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 second operation (8 patients out of 65, versus 1 
patient out of 63 in the STN group) due to unsat-
isfactory or waning clinical effect; for those ini-
tial GPi patients, placement in the STN produced 
a satisfactory clinical benefit.

STN and GPi stimulation appear to result in 
subtle differences in motor outcomes and may 
also result in different non-motor effects, such as 
changes in neurocognitive performance and 
mood. The VA Cooperative study demonstrated 
statistically significant worsening of working 
memory, processing speed, phonemic fluency, 
and delayed visual memory in patients undergo-
ing STN or GPi DBS versus medical manage-
ment [3]. However, the magnitude of the relative 
impact of DBS on function must be noted. For 
instance, on the working memory measure, there 
was a 1-point improvement in the standard score 
for the medical management group from 97.3 to 
98.3 and a 1.6-point decline in standard score for 
the DBS group from 101.2 to 99.6. Thus, the 
scores for either group are all essentially at mean 
values both before and after treatment. One influ-
ential finding from the subgroup analysis of the 
VA Cooperative study suggested differential 
effects of target location of DBS on cognition. 
Specifically, STN DBS was associated with a 
decline in processing speed, compared to GPi 
DBS [6]. Differential effects were also noted in 
the Cognition and Mood in Parkinson’s Disease 
(COMPARE) trial, which was a randomized, pro-
spective clinical trial designed to evaluate non- 
motor symptom change following either 
unilateral GPi or STN DBS [41]. This trial found 
no overall difference between GPi and STN DBS 
in motor outcomes, though there was a greater 
improvement in rigidity for STN DBS. However, 
STN DBS was associated with worsening cogni-
tive function, a trend toward worse letter verbal 
fluency following STN DBS; this trend persisted 
despite whether the DBS was on or off. 
Interestingly, this worse performance in STN 
versus GPi implanted patients was only in letter 
verbal fluency, as there was no difference in 
semantic verbal fluency between the groups. In 
addition, results of the COMPARE trial suggest 
that stimulation of the STN may be associated 
with greater mood and behavioral effects. This is 

based on a trend toward worsening self-reported 
feelings of anger in STN patients, as well as a 
greater number of mood or behavioral postopera-
tive complications (though GPi and STN had 
equivalent numbers of overall complications).

The mood changes noted in the COMPARE 
trial echo prior concerns that STN DBS may be 
associated with depression and suicidality. 
Indeed, one large study surveying multiple cen-
ters and encompassing over 5000 PD patients 
found that STN DBS was associated with a sig-
nificantly increased likelihood of suicidal ide-
ation and completed suicide than expected, based 
on comparison to age-matched population rates 
[42]. This study found that risk factors for suicide 
in the STN DBS PD population were being sin-
gle, having a history of impulse control disorders 
or compulsive use of medication, and postopera-
tive depression or apathy. Although one limita-
tion was that there was no control group of PD 
patients who did not receive DBS, prior research 
has demonstrated that baseline suicide rates in 
the PD population are the same or even lower 
than that observed in the general population. The 
concern for mood changes and suicidality in PD 
patients undergoing STN DBS has not been sup-
ported by all studies. For instance, the VA 
Cooperative study demonstrated that, first and 
foremost, the rates of depression and suicidality 
were very low for PD patients out to 2 years who 
were treated with either DBS or best medical 
therapy. In addition, they found that DBS patients 
were more likely to feel happy, energetic, and full 
of life, compared to PD patients treated with best 
medical therapy alone [43].

It is unclear why earlier studies found an 
increased rate of mood disturbance and suicidal-
ity with STN DBS implantation. One hypothesis 
is that these changes may be the product of a 
rapid reduction in dopaminergic agents, follow-
ing improvement in motor control with DBS. For 
instance, the large multicenter survey that dem-
onstrated increased suicidality with DBS notably 
reported an approximately 50–60% reduction in 
levodopa equivalent daily dose, while the VA 
Cooperative study had an approximately 25% 
reduction. Furthermore, a study designed specifi-
cally to examine STN DBS for treating PD 
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patients with hyperdopaminergic profiles (e.g., 
impulsivity, risk-taking, compulsions, hypersexu-
ality, etc.) accomplished a 73% reduction in 
levodopa dose [44]. However, they found that of 
the 30 patients in this study with a hyperdopami-
nergic profile, 18 developed apathy with DBS and 
concomitant levodopa reduction. Moreover, two 
of the patients attempted suicide. Finally, the 
hypothesis that mood dysregulation may be more 
closely tied to changes in chronic dopaminergic 
medication dosing is consistent with some find-
ings that linked STN DBS to mood dysregulation, 
since STN stimulation results in a greater ability 
to decrease medications than GPi stimulation.

 Subcortical Mapping Using 
Microelectrode Recording for DBS 
Placement

Precise, submillimeter targeting within the STN 
and GPi is critical for obtaining the best possible 
therapeutic effect on PD motor symptoms and for 
minimizing adverse motor and non-motor side 
effects. The 2004 book on the subject of micro-
electrode recording (MER) in movement disor-
der surgery [45] documented various opinions at 
that time on the arguments for and against utiliz-
ing MER to improve targeting for DBS that was 
based on class III evidence with no long-term 
outcome data to support the value of MER/neuro-
physiological mapping for target localization. 
The arguments for MER mapping to identify the 
borders and dimensions of the functional target 
include the relatively small size of the STN and 
GPi of around ~5  mm in the X-, Y-, and 
Z-dimensions, their depth in the brain that 
demands long trajectories where a small angular 
deviation will miss the target completely, target 
proximity to neighboring structures that do not 
tolerate current spread of more than a few milli-
meters such as the corticospinal and corticobul-
bar tracts of the internal capsule, the ascending 
medial lemniscus, cranial nerve III and optic 
tract, established brain shift that accompanies 
CSF egress after the dura is opened that may 
amount to several millimeters of shift, and, 
finally, the fact that for both targets, the optimal 

target for DBS is actually a small, sensorimotor 
subregion within the larger STN and GPi nuclei. 
Other sources of targeting errors include the set-
tings of all hardware components which are 
cumulative and radiographic and software errors 
related to MR and CT image resolution and 
fusion. These collective errors were studied by 
Brahimaj et al. [46] who measured the final coor-
dinates of a single MER tract at “target” with 
intraoperative CT and measured the radial dis-
tance error from the coordinates of the intended 
target location. They found a mean error of 
1.23 mm from a total of 150 STN targets and a 
mean error of 1.10  mm from a total of 27 GPi 
targets. Note that these were microelectrodes 
placed at target coordinates determined by the 
initial planning that had not been adjusted based 
on the results of the MER and document the 
inherent measured and mechanical errors that 
arise from simply following the plan.

MER requires the isolation of single-unit 
action potentials generated by the cell bodies of 
neurons within target nuclei as the recorded unit 
activity reveals the frequency and pattern of sin-
gle neuron activity, which, with multiple unit 
recordings from a small volume of target tissue, 
will uniquely identify one nucleus from adjacent 
nuclei or the functional target within a larger 
nucleus. Such detailed functional intranuclear 
mapping at ~50-micron resolution is not possible 
with any form of direct anatomic targeting. 
Characteristic patterns of unit discharge at dis-
tinct frequencies mostly have been studied to 
define the functional target of the STN, as the 
STN was initially approved as the primary target 
for DBS in PD. MER initially used a single tract 
that identified the superior and inferior boundar-
ies of the target along the Z-dimension or depth 
within stereotactic space. The combination of a 
span of ~5 mm of unit activity and the recording 
of expected “signature” patterns of unit activity 
within the target defined the “gold standard” for 
MER to confirm an optimal tract through the cen-
ter core of the functional target. The goal to max-
imize the span of target was mostly based on the 
fact that the span of the four contacts of the first 
approved DBS electrode is 7.5 mm, and an MER 
span of ~5  mm with the lowest DBS contact 
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placed at the inferior target border ensured that 
the lowest three DBS contacts were located 
within the functional target. Should a single MER 
tract not achieve this neurophysiologic and geo-
metric definition of the optimal target, sequential 
single MER tracts would be performed with the 
X- or Y-coordinate adjusted by 2.0 mm serially 
until the desired targeting was achieved.

Prior to the advent of intraoperative MRI and 
CT use in DBS surgery, there was evidence that 
STN DBS placement with MER achieves more 
accurate targeting and improved motor outcomes 
compared to DBS electrodes placed without 
MER [47]. Specifically, they found a 25% reduc-
tion in selective components of the UPDRS III 
scores in 32 patients with STN DBS with MER 
compared to no change in postoperative UPDRS 
scores in ten patients with STN DBS without 
MER. Simultaneous MER from up to five multi-
ple microelectrodes and the associated mapping 
in three dimensions further appears to improve 
targeting. For STN targeting, Temel et  al. [48] 
compared two groups of patients with either 
sequential, single tract MER or simultaneous 
MER in five tracts and found significant differ-
ence in UPDRS motor score reduction at 
3 months and 1 year postoperatively of 41% and 
55%, respectively. Bjerknes et al. [49] compared 
single sequential MER to simultaneous 3-tract 
MER in two groups of patients in a double-blind, 
randomized study of two groups of 30 patients 
and noted a 35-point UPDRS III decrease at 
12 months postoperatively in patients with mul-
tiple MER, compared to a 26-point decrease in 
patients randomized to sequential single tract 
MER. In both studies, there was no difference in 
the occurrence of adverse events, including hem-
orrhage, between single tract versus multiple 
simultaneous tract groups.

A large body of literature has detailed intraop-
erative adjustments made to the initial stereotactic 
plan, based on MER and macrostimulation to 
assess stimulation-induced side effects. Bour et al. 
[50] used simultaneous MER in four or five tracts 
and found that the targeted, center tract was used 
for final DBS implantation in only 50% of patients 
for STN and in only 57% of GPi targeted cases. 
Indeed, they reported that the center tract had no 

recorded MER activity in 9% of all STN cases. 
Based on MER mapping, the final position of the 
DBS electrode was an average of 2.1 mm below 
the MRI-based target for STN cases which meant 
that without MER mapping, only two DBS elec-
trode contacts would have been placed within the 
STN as compared to three DBS electrode contacts 
for cases mapped with MER.  A recent study 
reported an average error of 2.2  mm in the 
X-coordinate and of 2.0 mm in the Y-coordinate 
that would have corresponded to misplaced DBS 
electrode placement in ~20% of all DBS implants, 
had MER not been performed [51], but this study 
was poorly controlled. Although Shenai et al. [52] 
found a 58% improvement in post-op UPDRS 
scores with MER mapping, no statistical differ-
ence was found for STN spans of <4.8  mm as 
compared to >5.6 mm. However, in all 73 cases, 
MER did confirm that the target was within the 
dorsolateral STN. On the other hand, Boëx et al. 
[53] found a highly significant correlation between 
MER recorded STN span (trajectory length) and 
12-month improvement in UPDRS motor scores 
of approximately 16 points for an increase in STN 
span of 2 mm. Interestingly, this study found no 
correlation between MER-based STN span and 
macrostimulation threshold levels for decreases in 
joint rigidity or for motor tract activation.

 Defining the STN “Functional” 
Target

 Single-Unit Activity

The issue of identifying the appropriate “func-
tional” target for DBS therapy was surveyed 
across PD specialists who reported a large vari-
ability in the stereotactic coordinates that were 
used to define the STN location for indirect tar-
geting of the STN [54]. Further, Garcia-Garcia 
et al. [55] applied a novel volumetric analysis of 
DBS electrodes implanted in STN in 40 patients 
that was registered to a standardized 3D atlas 
which normalized the DBS electrode locations in 
the postoperative MRI within an ellipsoid 
 representation of the STN.  Interestingly, when 
the UPDRS and LED scores at 6  months were 

18 Parkinson’s Disease: Deep Brain Stimulation



260

evaluated according to the normalized location of 
the active DBS contact within the STN, there was 
a variation of DBS effects by location with the 
“sweet spot” for maximum clinical DBS efficacy 
located at the rostral and most lateral parts of the 
dorsolateral motor region of the STN and at the 
interface between the STN, zona incerta, and tha-
lamic fasciculus. On the other hand, Bot et  al. 
[56] found that the STN “hot spot” for optimal 
postoperative DBS outcomes was better localized 
using the medial STN border as compared to the 
midcommissural point. These studies and the 
related practice survey suggest that more research 
is needed to characterize and define the “func-
tional” target within the sensorimotor division of 
the STN for optimal DBS therapy.

In addition to improving clinical outcomes in 
DBS therapy, MER mapping has also improved 
our understanding of basal ganglia physiology 
that in turn has produced a clear physiological 
definition of the optimal STN functional target 
which is leading to a defined neurophysiological 
biomarker that is specific to PD and is being used 
to physiologically define DBS targets and to pro-
vide a feedback measure of the efficacy of DBS 
therapy. Early MER studies, e.g., Hutchison et al. 
[57], identified unique characteristics of unit 
activity that was characteristic of the dorsolateral 
sensorimotor region of STN that included high 
frequencies (mean 37  Hz), bursting patterns of 
unit activity together with unit responsiveness to 
active and passive movements including so- 
called “tremor” cells. Seifried et al. [58] reported 
average STN unit frequencies of ~51  Hz that 
were similar in all subregions of STN. However, 
they also examined the patterns of unit discharge 
and found irregular discharge to be most com-
mon followed by burst patterns and oscillatory 
discharge and that the latter two patterns were far 
more common in the dorsal STN. Lourens et al. 
[59] mapped STN unit discharge frequencies and 
burst patterns from coherence analysis onto a 
generic atlas representation of the STN and con-
firmed a higher discharge frequency (~30  Hz) 
and higher incidence of bursting activity patterns 
to the dorsal sensorimotor STN as compared to 
unit activity recorded in adjacent STN regions. 
These unit discharge characteristic frequencies 

and patterns were assumed to be a marker of the 
functional STN target in PD based on MER stud-
ies of induced Parkinsonian NHP’s before and 
after MPTP treatment and were confirmed in 
human PD patients by Steigerwald et  al. [60] 
who recorded from the STN in both PD and ET 
patients undergoing MER mapping and found 
significantly higher STN unit discharge frequen-
cies in PD compared to ET (40.5 Hz vs. 19.3 Hz) 
and that significantly more units in PD exhibited 
bursting activity (70% vs. 36%). Deffains et al. 
[61] confirmed higher unit frequencies in the dor-
solateral STN compared to the ventrolateral STN 
(44.5 Hz vs. 39.9 Hz) and further added that unit 
activity in the dorsolateral STN had a higher cor-
relation to beta-band oscillatory activity. Pozzi 
et al. [62] also found regional variations of patho-
logic bursting activity patterns and discharge 
rates that were more prevalent within the dorso-
lateral STN as compared to adjacent regions of 
the STN.

Within the dorsolateral STN, Guo et al. [63] 
recorded unit activity and determined the spectral 
content of the spontaneous unit neuronal dis-
charge when there was no artefact and no move-
ment for 17 awake, akinetic-rigid PD patients. 
They found the mean spontaneous firing rate was 
42.0 Hz and that 56 neurons exhibiting beta-band 
oscillatory activity (mean 18.9 Hz) had a higher 
mean firing rate of 48.4 Hz compared to a firing 
rate of 38.9 Hz for 99 neurons with no oscillatory 
activity, thus specifically associating high- 
frequency unit discharge to beta-band activity. 
Guo et  al. [64] further differentiated STN unit 
high-frequency bursting activity by the measured 
oscillatory activity from the same 188 STN neu-
rons. Three patterns were found: tremor fre-
quency band oscillations at a mean of 4.9  Hz, 
beta frequency-band oscillations at a mean of 
21.5 Hz, and non-oscillatory units. The majority 
(92.2%) of the oscillatory neurons were localized 
in the dorsal half of the STN although the two 
populations were not spatially separated. 
Clinically, the best DBS contacts that achieved 
the greatest and statistically significant reduc-
tions in UPDRS III sub-scores at 12  months 
 postoperatively (tremor 3.4 to 0.7, rigidity 4.4 to 
1.6, bradykinesia 8.6 to 3.2) were localized to the 
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same dorsolateral STN regions that contained the 
greatest oscillatory firing pattern activity.

To conclude this section, there is now a large 
body of literature that supports the use of MER to 
localize PD-specific patterns of unit activity and 
theta-band and beta-band oscillatory activity, 
linked to tremor-dominant and akinetic-rigid PD 
subtypes, to the dorsolateral STN. Because of the 
design and spacing of clinical, multi-contact DBS 
electrodes, the submillimeter resolution of MER 
mapping allows mapping of the boundaries and 
dimensions of the posterior sensorimotor STN to 
achieve a minimum span of mapped STN of 
~5 mm which will localize three DBS contacts to 
within the posterior and sensorimotor STN and 
achieve the greatest flexibility in utilizing monop-
olar or bipolar DBS from three available contacts.

 Population Neuronal Discharge 
and Oscillatory Activity

Following from the localization of high- 
frequency MER unit activity in the dorsolateral 
STN, Brown et al. [65] found that the presence of 
low-frequency, beta-band (<30  Hz) oscillatory 
activity in STN local field potentials (LFP) was 
reduced by the administration of levodopa, which 
shifted the spectrum of oscillatory activity up to 
the high-frequency band at ~70  Hz. When 
levodopa and DBS were compared in nine PD 
patients, Giannicola et al. [66] found that whereas 
levodopa abolished STN beta LFP oscillations, 
DBS only decreased beta oscillations, suggesting 
that the two therapies modulate STN beta oscilla-
tions in different ways. Eusebio et al. [67] subse-
quently verified that DBS suppresses beta-band 
oscillations.

Levy et  al. [68] found the same effect of 
levodopa on beta-band oscillations and addition-
ally demonstrated that active movement also sup-
pressed these oscillations. Cassidy et  al. [69] 
studied the effect of movement for both STN and 
GPi beta-band oscillatory activity and showed 
that active movement reduces beta-band activity 
both prior to and during movement. However, in a 
more detailed study, Tan et  al. [70] found that 
higher low-beta power was associated with abnor-

mal force decrements or measures of motor 
impairment. Beta oscillations studied in freely 
moving PD subjects are not altered when subjects 
transition between different postures but are 
reduced during walking and are significantly 
reduced with DBS turned on at 1V and 3V stimu-
lation [71]. In a large cohort of 63 STN implanted 
PD patients, Neumann et al. [72] found a signifi-
cant correlation of relative spectral beta power to 
total UPDRS scores in the off state and that such 
correlations require akinetic symptoms to be sig-
nificant [73]. Beudel et  al. [74] performed the 
same analysis in 39 PD patients with STN DBS 
and also found a specific correlation of beta-band 
power to akinetic-rigid UPDRS sub- scores. Geng 
et  al. [75] found that with movement- related 
decreases of beta-band oscillatory activity there 
was a concomitant increase in gamma-band oscil-
lations and that these effects were localized more 
dorsally, compared to ventral regions for alpha-
band modulation. Beta- band oscillatory activity is 
clearly associated with akinetic-rigid PD subtypes 
but is not sufficient to identify dyskinesia symp-
toms which are also associated with both low-
frequency (4–8  Hz) and high-frequency 
synchronization [76]. Finally, tremor-dominant 
PD is further distinguished by the presence of 
gamma-band HFO which is modulated by 
levodopa medication [77] and by movement [78].

These studies illustrate that oscillatory activity 
profiles can be used in isolation or combination as 
electrophysiological “signatures” for refining 
DBS therapy for various PD symptom subtypes. 
As STN functional targeting is optimized using 
the submillimeter resolution of unit recordings in 
MER, an important question is to determine the 
link between unit activity, which has MER-base 
characteristics associated with localization of the 
STN “functional” target, and oscillatory activity 
that is also recorded in the dorsolateral STN. This 
link between unit activity and LFPs was estab-
lished by the work of Kuhn et  al. [79] and 
Weinberger et al. [80] using spike- triggered aver-
aging to show that unit neuronal discharges locked 
to beta oscillations have the strongest coherence 
in the dorsal STN. Moran et al. [81], using similar 
approaches, found two distinct dominant oscilla-
tory frequencies, at 3–7 Hz (the tremor frequency 
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band) and at 8–20  Hz, which varied indepen-
dently, suggesting two distinct neuronal popula-
tions. The possibility of further defining the 
“functional” STN target using beta-band LFP 
activity was studied by Zaidel et al. [82] who dif-
ferentiated the dorsolateral and ventromedial 
STN based on the association of the root mean 
square and power spectral density of the MER 
signals, coining the term dorsolateral oscillatory 
region. Zaidel et  al. [82] further linked the best 
DBS contact for clinical improvement (based on 
postoperative UPDRS scores at an average of 
16 months) to the recording span of the dorsolat-
eral oscillatory region. Verhagen et  al. [83] 
reported that calculating beta power only over the 
specific frequencies that show a significant coher-
ence between LFP and neuronal spiking may be 
beneficial in discriminating the sensorimotor 
STN.  Their results suggest that due to volume 
conduction of beta frequency oscillations, proper 
localization of the sensorimotor STN with only 
LFP recordings is difficult. In fact, LFP record-
ings of beta-band oscillatory activity alone and 
based on monopolar recordings may fail to local-
ize the optimal STN target [84].

Machine learning approaches increasingly are 
being applied in attempts to automatically dis-
criminate the STN. Kostoglou et al. [85] used a 
machine learning approach to model the correla-
tion of various MER and LFP characteristics and 
improved UPDRS scores and found that five vari-
ables that corresponded to different measures of 
oscillatory activity were positively correlated 
while other measures of non-oscillatory features 
were anticorrelated to reduced UPDRS scores 
with DBS therapy. A review of ten other machine 
learning studies of optimizing MER characteris-
tics [86] found that though these approaches are 
rigorous and quantitative, the authors felt that 
none were sufficiently robust to be used in clini-
cal practice.

 Circuit Analysis

Anatomic studies in nonhuman primates have 
shown that the major cortical connection to the 
dorsolateral STN is from the primary motor cor-

tex [87]. More recently, Miocinovic et  al. [88] 
provided evidence for the presence of a mono-
synaptic, hyperdirect pathway in human PD sub-
jects from antidromic stimulation of this pathway 
from implanted STN electrodes to primary motor 
cortex recorded via electrocorticography. One 
study illustrated this functional connection by 
showing that DBS attenuates both STN and 
motor cortical beta-band oscillatory activity in a 
graded manner such that DBS neuromodulation 
involves cortico-basal ganglia circuitry or net-
works and not the basal ganglia alone [89]. Two 
different NHP studies have shown that both GPi 
[90] and STN [91] stimulation results in modula-
tion of both oscillatory activity and single-unit 
discharge in primary motor cortex. Clearly, the 
mechanisms underlying DBS neuromodulation 
therapy act at the level of complex basal ganglia- 
cortical network circuitry.

The search for a clear functional biomarker 
pathognomonic for PD that could be identified 
intraoperatively and used to confirm optimal lead 
placement is complex, as it involves many differ-
ent characteristics of signals that may not interact 
in a linear fashion and may be conditional on the 
state of the patient. Yang et  al. [92] and Wang 
et  al. [93] found that phase-amplitude coupling 
(PAC) in the STN was specific to beta phase and 
HFO amplitude and was strongest at the dorsal 
STN border involving locations where DBS con-
tacts were most clinically effective. Additionally, 
excessive PAC between the STN beta phase and 
gamma amplitude in primary motor cortex [94] is 
an interaction that has been demonstrated to be 
reversibly reduced by therapeutic DBS of the 
subthalamic nucleus [28], although PAC calcula-
tions are computationally intensive, making them 
difficult to accomplish intraoperatively for direct-
ing targeting adjustments. Simultaneous cortical 
and STN LFP recordings during performance of 
behavioral tasks also have established the condi-
tional nature of cortico-basal ganglia functional 
connectivity. For example, PD patients exhibit 
reductions in the high beta sensorimotor cortical 
PAC that is not found in non-movement disorder 
patients studied performing the same visually 
cued handgrip task [95]. However, the same 
study found that beta-band oscillatory activity 

D. J. Crammond and R. M. Richardson



263

also is recorded in essential tremor patients, sug-
gesting that the presence of beta-band oscilla-
tions is not exclusive to PD pathophysiology. 
Lipski et al. [96] recorded STN unit activity and 
sensorimotor LFPs in PD subjects performing a 
hand movement task and found that STN firing 
demonstrated phase synchronization to both low 
and high beta frequency cortical oscillations that 
was modulated at certain phases of movement 
and that was not correlated with changes in neu-
ronal firing rate, per se. This behavioral study of 
basal ganglia and cortical network interactions 
confirms that biomarkers for PD are dynamic and 
conditional on the behavioral state of the patient. 
Indeed, it has been long known that movement 
itself is therapeutic in Parkinsonian patients, for 
instance, as shown for the effect of exercise on 
gait in the PRET-PD randomized trial [97], as if 
movement facilitates modulation of the basal 
ganglia cortical circuitry.

 Defining the GPi “Functional” Target

Early targeting of the GPi for PD and dystonia 
patients was based upon nonhuman primate MER 
mapping studies of the sensorimotor region of the 
GPi which is located in the caudal region and 
which includes neurons shown to have altered 
neuronal discharge patterns in the Parkinsonian 
animals [98, 99]. MER mapping of the GP com-
bined with microstimulation during pallidotomy 
in PD [100] further refined the optimal target by 
localizing the sensorimotor representation of GP 
and defining stimulation territories that were too 
close to the internal capsule and optic tracts that 
would result in adverse side effects of current 
spread from misplaced pallidotomy targets. The 
targeting for DBS electrodes in GP used MER to 
map the sensorimotor region localized to the pos-
terolateroventral region of the GPi [101, 102]. 
Baker et al. [103] compiled MER mapping results 
from 299 patients of the unit neuronal response to 
active and passive movements of the face, arm, 
and leg. 1767 of 3183 recorded neurons that 
responded to a single contralateral body region 
were mapped according to their stereotactic coor-
dinates to produce a three-dimensional map of 

the somatotopy: leg-related neurons were located 
dorsal, medial, and anterior to arm-related neu-
rons which were located dorsal and lateral to 
orofacial-related neurons.

These mapping studies defined a relatively 
large volume of tissue as the sensorimotor target 
for GPi DBS which perhaps explains the require-
ment to use higher stimulation voltages for GPi 
DBS as compared to STN DBS [104]. However, 
it is possible that different regions of this large 
sensorimotor representation within GPi subserve 
different functional targets for different PD sub-
types and for dystonia alone. For example, an 
MER mapping study of GPi and GPe unit dis-
charge characteristics in 44 children involving 3 
distinct dystonia types (14 primary, 22 secondary 
static, and 8 progressive secondary) found that 
both GPi and GPe unit neuronal discharge fre-
quencies and discharge patterns differed signifi-
cantly with dystonia etiology [105]. Interestingly, 
although the report does not provide maps of 
DBS electrode locations, the GPi discharge fre-
quency was found to be positively correlated with 
DBS outcomes at 1 year, which was strongest for 
the secondary static group. This detailed study 
suggests that MER mapping is important for 
locating the highest frequency unit activity within 
GPi. Although fewer clinical outcome studies 
have looked at pallidal targeting with MER, Bour 
et al. [50] reported small but consistent targeting 
adjustments of the GPi target with MER. In sum-
mary, there is strong evidence to support the 
value of subcortical MER mapping in defining 
the dimensions of the functional target in STN 
and GPi for DBS therapy which results in greater 
efficacy of DBS therapy with the fewest possible 
side effects.

 Placement of DBS Leads 
in the Asleep Patient 
with Intraoperative Imaging

Despite the progress in using MER to map and 
define the optimal placement of DBS electrodes, 
being awake during brain surgery for several 
hours is not possible or desirable for every PD 
patient. Indeed, patient selection strategies need 
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to be used to only perform awake DBS surgery in 
the most suitable patients. For patients who 
would be best served by asleep surgery, several 
approaches that reduce patient discomfort, anxi-
ety, and fatigue may be used including implant-
ing DBS electrodes under general anesthesia 
with [106] and without MER [107] and in awake 
patients without MER [108]. The advent of inter-
ventional MRI DBS, where a skull-mounted aim-
ing device is combined with specialized software 
to enable real-time visualization of target nuclei 
and lead implantation [109], has been well 
described elsewhere [110–112]. We feel that if 
one forgoes MER guidance, the optimal method 
for targeting the correct functional subregion of 
each target is real-time guidance with MRI, given 
that years of experience using MER and numer-
ous studies that have collectively determined and 
refined the functional targets within STN and GPi 
for optimal DBS therapy, which can be visual-
ized on MRI.  In addition, multiple studies now 
have provided evidence for equipoise between 
iMRI-guided and MER-guided lead implantation 
[113–116]. A more comprehensive consideration 
of factors, opportunities, and limitations of DBS 
implantation with a general anesthetic is 
addressed in Chap. 3.

 Stimulation Programming

Clinically, DBS usually involves a very narrow 
set of stimulation parameters, in addition to the 
choice of contact(s) used for stimulation, that are 
known to be effective based on improvements of 
UPDRS scores, avoiding side effects and subjec-
tive reports. Typical parameters are frequency of 
130 Hz, pulse duration of 60 microseconds, and 
2–4 mA amplitude. Conway et  al. [117] under-
took a meta-analysis of 21 published reports that 
manipulated DBS parameters and assessed at 
least one motor symptom. Seventeen studies 
investigated alternate stimulation frequencies 
while five examined alternate stimulus ampli-
tudes and two studied alternate pulse durations. 
Overall, the meta-analysis reported a low quality 
of evidence in support of low-frequency DBS and 
found that low stimulation amplitudes could lead 

to the reemergence of motor symptoms. Perhaps 
the typical high-frequency DBS is sufficient for 
most PD patients. Another aspect of DBS that 
can be adjusted is the pattern of the delivered 
stimulation pulses which all current DBS devices 
maintain at a constant frequency for the duration 
of the chronic stimulation train, which makes 
altering the pattern of stimulation very difficult to 
study in situ. However, work from Grill and col-
leagues [118] has examined the effect of using 
irregular stimulation pulse patterns and has 
shown that three non-regular patterns of stimula-
tion performed better at improving the perfor-
mance of an alternating finger tapping task in PD 
subjects compared to regular DBS. Other groups 
are working on clinical validation of the effects 
of coordinated reset stimulation, following 
remarkable results in one study of Parkinsonian 
nonhuman primates [119, 120]. Research on non- 
regular stimulation patterns thus holds much 
promise.

The recent advent of segmented DBS contacts 
already has affected how stimulation is pro-
grammed [121]. In addition, two studies have 
shown that LFPs can predict the most efficient 
stimulation contacts for therapeutic benefit and 
may ultimately serve as a tool for choosing the 
optimal contact for directional DBS [122, 123]. 
Given the current knowledge of several potential 
electrophysiological signals that may be useful 
biomarkers for specific movement disorder sub-
types, the future of DBS is clearly moving to the 
utilization of closed-loop DBS based on the “sens-
ing” of specific biomarker signals that are used to 
modify and adapt the delivery of stimulation. 
Closed-loop DBS is also referred to as adaptive 
DBS (aDBS), the feasibility of which has already 
been demonstrated [124, 125]. A recent review by 
Habets et al. [126] suggested the need for aDBS 
systems to be highly individualized due to the 
multitude of PD symptom phenotypes and the fact 
that currently available aDBS systems sense only a 
single electrophysiological biomarker signal that 
may not be representative of most patients’ pheno-
type. To that end, Neumann et al. [127] have pro-
posed electrophysiology- based intelligent aDBS 
systems that require the sensing of multiple bio-
marker signals that have so many combinations 
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and permutations that a machine learning approach 
would be necessary for the system to learn how to 
optimize feedback control over DBS to both indi-
vidualize and optimize aDBS settings for optimal 
control of PD symptoms.

 Conclusion

Modern STN and GPi DBS for PD were intro-
duced over 20 years ago. Since then, our under-
standing of the pathophysiology of PD has vastly 
improved through the use of neurophysiological 
mapping of the basal ganglia which has led to 
increasingly better-defined functional targets for 
optimal DBS therapy. Electrophysiological bio-
markers that are pathognomonic for PD subtypes 
have been identified that can be used to study the 
effects of various treatment modalities. The 
application of DBS therapy has the potential to 
become even smarter as individualized biomarker 
signals may be used as feedback signals for 
aDBS devices that in turn may use directional 
current steering to focus therapy on smaller vol-
umes of target tissue, thus minimizing current 
spread and adverse side effects. Further research 
on the use of non-regular stimulation patterns 
could lead to a higher resolution of individual-
ized neuromodulation therapy. Despite this 
remarkable success at controlling the primary 
motor symptoms of PD, long-term outcome 
research studies have raised some concerns over 
adverse non-motor symptoms associated with 
STN DBS, which may be avoided by improved 
targeting of the optimal functional STN target, or 
by selecting the GPi as an equivalent alternate 
target for certain patients with cognitive or neu-
ropsychological comorbidities, or perhaps by 
using additional DBS electrodes placed in other 
nodes of this complex circuit not discussed in this 
chapter. Nonetheless, expansion of patient selec-
tion criteria to include younger and older patients, 
earlier use of DBS, and expanding our knowl-
edge of basal ganglia physiology and the func-
tional organization of basal ganglia circuits are 
likely to make this life-changing treatment even 
more effective and available to greater numbers 
of appropriate patients.
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Parkinson’s Disease: Lesions

Juliana Rotter and G. Rees Cosgrove

 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 

J. Rotter and G. R. Cosgrove



277

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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 Introduction

Essential tremor (ET), the most common adult 
movement disorder and one of the most widely 
known neurological disorders, affects nearly 
1% of the global population and is generally 
characterized by postural and/or kinetic tremor 
with variable rates of leg, head, and voice trem-
ors [1]. The symptoms typically cause great 
distress for patients who have significant 
decline in function and quality of life [2–4]. 
Since the era of surgical ablative thalamotomy 
to treat ET, deep brain stimulation (DBS) has 
been reported on in more detail in the 1980s as 
surgeons implanted electrodes in the ventral 
intermediate thalamic nucleus (VIM) for 
adjustable electrical stimulation. This induced 
what has been considered to be a reversible 
“functional lesion,” though the mechanism of 
action continues to elude understanding. The 
Federal Drug Administration approved unilat-
eral DBS in 1997, and it is currently considered 
one of the standards of care for medically 
refractory ET.

 Patient Selection

Patient evaluation and selection are critical for 
pursuing DBS intervention for essential tremor. 
Unfortunately, there are no Class I studies on ET 
treatment [5]. While the effects of DBS are pro-
found, the prerequisite medical management 
leading to the determination of medication- 
refractory tremor must be considered. Prior to 
referral to neurosurgery, patients are typically 
trialed on and treated with primidone, proprano-
lol, or a combinatory regimen with possible 
second- line additions, such as gabapentin or topi-
ramate. Unfortunately, about 50% of ET patients 
have adequate response to medication [6].

Typically, patients who would benefit from 
DBS have failed optimized medical therapy and 
are debilitated in hand or voice communication 
due to severe intention or voice tremor [7]. 
Unilateral VIM DBS is indicated for severe 
hand tremor, while bilateral VIM DBS could be 
offered to patients with profound bilateral limb, 
head, voice, or axial tremor [7]. A series of 
long-term studies with range of follow-up from 
0 to 8.5  years demonstrated that ET patients 
reported high percentages of improvement in 
their tremor amplitude (82–95%) sustained 
over time [8]. One report maintains that patients 
older than age 75 should be excluded from DBS 
[5], although this is not universally accepted; at 
many centers, patients over the age of 75 years 
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who are  functionally debilitated are regularly 
considered candidates for DBS for tremor 
control.

While the effects of VIM DBS for ET are 
excellent, a certain subset of patients develops 
tolerance to the treatment [9]. Loss of efficacy 
could be due to several reasons, including inher-
ent limitations of DBS or patient characteristics. 
Merchant et al. found that patients with primarily 
intention or proximal postural tremors showed 
early tolerance to DBS [9]. These patients even-
tually manifest a pancerebellar syndrome involv-
ing persistent ataxia and dysarthria, which can 
limit overall efficacy and patient satisfaction. In 
addition, it appears that patients presenting with 
subtle ataxia and incoordination prior to DBS 
implantation develop early resistance to treat-
ment as well.

 Available Stereotactic Methods

Precise targeting for DBS electrode placement 
through stereotactic methods is critical for suc-
cessful treatment effect. Volumetric imaging 
guidance with both CT and MRI provides ana-
tomical understanding in three dimensions, and 
often imaging registration is used to combine 
imaging data into one coordinate system for 
mapping. Whether with frame or frameless meth-
ods, in order to create an accurate aligned target-
ing system, secured fiducial markers are 
commonly used to establish a fixed geometric 
array on the head [10]. These methods are broadly 
considered in Part I of this book. Fusion of CT, 
MRI, and sometimes functional imaging is also 
used for planning of trajectories to the final tar-
gets in order to avoid eloquent cortical areas, vas-
culature, and the ventricles. Frequently, the 
anterior and posterior commissures (AC-PC) are 
used as references to produce coordinates to tar-
get the VIM, which unfortunately do not take into 
account anatomic variation in the thalamus and 
the adjacent third ventricle [11]. Diffusion tensor 
imaging (DTI) and tractography (discussed in 
great detail in Chap. 7) provide some confirma-
tion of targeting and good anatomical localiza-
tion in addition to CT and MRI [12, 13]. 
DISTINCT is the first randomized controlled 

trial comparing conventional stereotactic meth-
ods against DTI tractography-assisted stereotac-
tic surgery, with final results pending due to its 
slated completion date in 2020 [14].

In addition to utilizing imaging for localiza-
tion, electrophysiology also provides useful 
information for targeting. For example, single- 
cell recordings and electrical stimulation are 
nuanced adjunct methods to select electrode 
placement, especially when even MRI may not 
differentiate the separate regions of the thalamus 
[15]. Another method for stereotactic precision 
involves interventional MRI guidance, which 
obviates the need for fiducial markers and elec-
trophysiology and can account for potential shifts 
as the surgeon opens the dura and releases cere-
brospinal fluid [16]. Others have tried intraopera-
tive CT with the NexFrame system to successfully 
implant electrodes in the VIM and GPI with 
mean vector error 1.59  ±  1.11  mm and mean 
deviation off trajectory 1.24  ±  0.87  mm [17]. 
Please refer to Chap. 3 for a more extensive dis-
cussion of the role of intraoperative imaging in 
stereotactic neurosurgery.

Some have investigated an alternative stereo-
tactic method based on a probabilistic map of 
tremor cells’ electrophysiology. Through stimu-
lation of microelectrodes, the investigators 
selected areas containing single thalamic units 
firing in bursts (5–10 in a series) at frequencies of 
3–10  Hz that matched with elicitation of the 
patient’s tremor [15]. Furthermore, the fornix and 
posterior commissure (FX-PC) were used as ref-
erence for the anteroposterior plane in addition to 
the AC-PC plane and the boundary between the 
thalamus and internal capsule. As a result, there 
appeared to be significantly decreased variation 
in selection of optimal stimulation target.

 Targets

DBS target selection for essential tremor has 
become more varied. Since its introduction by 
Benabid et al., the first and most commonly used 
anatomic target was the thalamic ventral interme-
dius nucleus (VIM) [18–21]. In a long-term fol-
low- up study on ET patients, subjects underwent 
assessment by the Fahn, Tolosa, Marin Tremor 
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Rating Scale (FTMTRS), demonstrating 
improvement in symptoms at both 1-year and 
10-year follow-up following VIM DBS stimula-
tion [20]. Furthermore, an analysis of exact lead 
position and resultant percent improvement in 
tremor following DBS stimulation identified the 
best lead location as the anterior boundary of the 
VIM [11].

Tolerance to DBS presents a challenge to 
choosing the VIM as a target. While some long- 
term studies show that VIM stimulation support 
sustained efficacy over at least 29–40  months, 
many studies report decreases in tremor reduc-
tion and benefit to daily living activities over time 
[22–27]. Proximal tremors are also difficult to 
treat with solely VIM DBS [28].

The posterior subthalamic area (PSA) of the 
thalamus has recently become a promising alter-
native target [29]. Murata et al. found that eight 
patients with severe ET who were treated with 
PSA DBS had improvements in axial, proximal, 
and distal tremors [30]. Patients with medically 
refractory ET had increased symptom relief as 
well as an 80.1% improvement in FTMTRS 
scores in the immediate postoperative period and 
at 1-year follow-up [31].

More precisely, the PSA involves the caudal 
zona incerta (ZI), prelemniscal radiation, and fas-
ciculus cerebellothalamicus (Fct). The PSA is 
ventral to VIM and the intercommissural line 
(ICL). The caudal ZI presents an area with sig-
nificant therapeutic potential in ET treatment. In 
fact, the leads associated with large symptom 
improvement margins in Murata et  al.’s study 
were implanted in the ZI and prelemniscal radia-
tion [30]. Eighteen patients were followed for 
4 years following caudal ZI DBS and maintained 
positive results at their final evaluation with a 
52.4% improvement in baseline FTMTRS score 
as well as improvements in upper extremity 
tremor, hand function, and activities of daily liv-
ing [32]. A prospective study by Sandvik et  al. 
reflected the benefits of caudal ZI DBS as well, 
with improvements in hand tremor, hand func-
tion, and activities of daily living on scales mea-
suring tremor rating and quality of life [33]. 
Further differentiation within the caudal ZI DBS 
demonstrated that the superior aspect of the PSA, 
also related to the end of the cerebellothalamic 

tracts, served as the optimal stimulation location 
for tremor control [34]. In fact, a recent random-
ized controlled trial provided Class I evidence 
that PSA stimulation at comparatively lower 
stimulation amplitudes was at least equivalent in 
treatment efficacy as VIM DBS [35, 36]. Overall, 
the PSA presents an efficacious new DBS target 
for tremor with significant tremor reduction [37]. 
Importantly, the PSA can be targeted while pre-
serving a trajectory through VIM.

It is also possible to achieve stimulation of 
two discrete targets in DBS for ET for presum-
ably maximal treatment effect. For a group of 17 
ET patients, all but 4 trajectories that incorpo-
rated both the VIM and PSA resulted in optimal 
intraoperative tremor control [38]. Overall, 69% 
of study patients had tremor control with postop-
erative adverse effects including gait ataxia and 
dysarthria [38].

 Nuanced Surgical Methods

Implanted DBS electrodes can prompt further 
nuance in therapy for ET.  While conventional 
pulse width is 60 μs, a shorter pulse width of 
40  μs resulted in a wider therapeutic window 
and a smaller stimulation energy requirement 
without sacrificing treatment effect [39]. 
Likewise, a square biphasic pulse delivered 
through DBS electrodes demonstrated signifi-
cant improvement in postural tremor, tremor at 
rest, and action tremor when compared to con-
ventional DBS settings as well as sustained 
tremor improvement [40, 41]. Another interest-
ing application involves administering radiofre-
quency through previously implanted DBS 
electrodes, with the aim to provide precise abla-
tion localization and success in ET reduction in 
a limited set of cases [42–44].

Ablative therapies for tremor are discussed in 
detail in Chap. 20. For reference, a brief overview 
is provided here. Stereotactic radiosurgery (SRS) 
to the VIM provides relief from refractory ET 
symptoms for patients otherwise ineligible for 
DBS. The International Stereotactic Radiosurgery 
Society recommends unilateral VIM targeting 
with dosage between 130 and 150 Gy as an effec-
tive option for ET [45]. In a group of essential 
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tremor (n = 8) and Parkinson’s disease or multiple 
sclerosis-related tremors (n = 2), bilateral Gamma 
Knife (GK) thalamotomy in stages was effica-
cious in most patients who had failed medical 
treatment in eliminating bilateral tremors and 
restoring function [46]. A series of 73 ET cases 
treated with a median dose of 140  Gy for GK 
thalamotomy demonstrated immediate improve-
ment in preoperative tremor for 93.2% of patients 
and long-term reduction in ET for 96% of those 
who already had postoperative tremor relief 
(median follow-up time, 28  months) [47]. 
Overall, SRS resulted in an average of 88% 
reduction in ET for patients [45].

Focused ultrasound (FUS) is a novel option 
for ET treatment. Through thermal ablation, FUS 
targets similar anatomical structures as DBS 
does. Good results and improvement of baseline 
ET were reported following MRI-guided FUS to 
the cerebellothalamic tract [48]. In a separate 
study, FUS-assisted thalamotomy for 18 ET 
patients provided significant reduction in tremor 
as well as significant improvement in quality of 
life at 1 and 6  months postoperatively [49]. 
Adverse effects from treatment lasted up to 
3  months and included headache, vertigo, and 
gait ataxia as the most common postoperative 
symptoms [49].

Since the 1980s, surgical thalamotomy was 
reported as a viable treatment option for medi-
cally refractory ET [50, 51]. Now, in some cases, 
DBS fails to adequately treat ET, and surgical 
thalamotomy can continue to be considered. In 
one study on six ET patients and one tremor- 
dominant PD case, DBS resulted in profound 
adverse effects, lack of treatment effect, and poor 
lead positioning. With salvage surgery, six 
patients (85.7%) reported at least some improve-
ment in their tremors [52].

 Clinical Evidence Across Treatment 
Options

While DBS is the most used treatment for ET, 
there is an array of alternatives for patients, and 
the physician plays a significant role in advis-
ing patients based on treatment eligibility and 

treatment outcomes among other factors. 
Current clinical evidence across ET treatment 
options depends on retrospective and a few 
clinical trials. A longitudinal case followed one 
ET patient over 12  years who experienced 
immediate postoperative tremor reduction after 
implantation and programming and had no 
long-term consequences from her VIM DBS 
system since 1996 [53]. DBS, the current stan-
dard of care for ET, provides the highest per-
centage of sustained symptom control (84.2%) 
at 1-year follow-up compared to radiofrequency 
thalamotomy (70.6%) and MRI- guided FUS 
(78.3%), although no significant difference in 
treatment efficacy was ultimately determined 
among the three modalities [54]. Of note, the 
FUS treatment group had the lowest complica-
tion rate overall [54]. Another systematic 
review of DBS, radiofrequency thalamotomy, 
SRS, and FUS revealed that there was no sig-
nificant difference between unilateral DBS and 
FUS in terms of health-related quality of life or 
treatment efficacy by 1-year follow-up [55]. In 
a recent meta-analysis, FUS is significantly less 
costly than DBS with significantly greater 
increases in quality of life and decreased degree 
of functional disability than either SRS or DBS, 
which itself is at least 40% more costly than 
radiosurgery [56, 57].

 Conclusion

Essential tremor (ET) is a debilitating and com-
mon movement disorder that prevents patients 
from functioning fully due to kinetic and pos-
tural tremors. Deep brain stimulation (DBS) is 
the current FDA-approved standard of care for 
medically refractory ET.  Electrode placement 
in the thalamic ventral intermedius nucleus 
(VIM) with novel targets within the posterior 
subthalamic area (PSA) relies on stereotactic 
techniques for precise localization. Current 
innovations in neurosurgical interventions for 
ET now include MRI-guided focused ultra-
sound (FUS), which has been determined to be 
more cost-effective with similar rates of treat-
ment efficacy as DBS.
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AAN American Academy of Neurology
AC Anterior commissure
AChA Anterior choroidal artery
ADC Apparent diffusion coefficient
ADL Activities of daily living
CRST Clinical Rating Scale for Tremor
CSF Cerebrospinal fluid
CT Computed tomography
DBS Deep brain stimulation
DRT Dentatorubrothalamic tract
DWI Diffusion-weighted imaging
GK Gamma Knife
GKRS Gamma Knife radiosurgery
ICL Intercommissural line
MCP Midcommissural point
MER Microelectrode recording
MPR MP-RAGE
MRgFUS Magnetic resonance-guided focused 

ultrasound
MRI Magnetic resonance imaging
PC Posterior commissure
PD Parkinson’s disease

PSA Posterior subthalamic area
RF Radiofrequency
SDR Skull density ratio
SWI Susceptibility-weighted imaging
Vc Ventralis caudalis
Vim Ventral intermediate
VL Ventrolateral
Vop Ventralis oralis posterior

 The History of Surgical Lesioning 
for Tremor

 Lesioning of the Pyramidal Tract

The first reported surgical lesion for the treatment 
of tremor was performed in 1937 by Paul Bucy 
[1], almost 18 centuries after Galen first identi-
fied tremor as a medical disorder [2]. Bucy 
believed that tremor was derived from the activity 
of the large pyramidal “Betz” cells and therefore 
stated that tremor could not be abolished without 
a corticospinal deficit. Based on this understand-
ing, Bucy extirpated the arm and leg portions of 
the posterior precentral gyrus with some success 
in abolishing tremor, but at the cost of consider-
able hemiparesis.

Surgical lesioning for tremor was performed 
in other parts of the pyramidal tract as well, 
including the spinal cord [3], internal capsule, 
and cerebral peduncle. In 1948, Earl Walker car-
ried out the first pedunculotomy for the treatment 
of a movement disorder by sectioning the lateral 
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two-thirds of the cerebral peduncle [4]. Walker 
repeated this procedure in patients with 
Parkinson’s disease (PD), reporting significant 
improvement in tremor at the expense of motor 
function, with little to no effect on other parkin-
sonian features [5]. This technique was adopted 
and further refined by Bucy as it avoided the risk 
of convulsions associated with cortical resection 
and resulted in fewer pyramidal deficits with a 
more substantial recovery of motor function [6, 
7]. Despite these improvements, lesioning of the 
pyramidal tract for tremor fell out of favor in the 
1950s and 1960s due to the recognition of the 
basal ganglia for involuntary movements, the 
development of stereotactic surgery, and the syn-
thesis of levodopa for the treatment of parkinso-
nian conditions.

 Extrapyramidal Lesioning

In the late 1930s, Russell Meyers postulated that 
he could achieve improved functional outcomes 
for patients with PD by lesioning components of 
the extrapyramidal system such as the caudate 
nucleus and pallidofugal fibers of the ansa len-
ticularis. At the time, Walter Dandy had expressed 
the idea that the ventral striata were necessary for 
consciousness; however, Meyers had observed a 
patient struck by a propeller where an open skull 
fracture revealed bilateral injury to the ventral 
striata without alteration of consciousness. In 
1939, Meyers performed a right transcortical, 
transventricular resection of the anterior two- 
thirds of the caudate nucleus for a 26-year-old 
female with severe left hemiparkinsonism from 
encephalitis. The patient remained awake for the 
procedure, and Meyers used cortical stimulation 
to avoid the motor system. She had immediate 
relief of tremor following the resection, leading 
Meyers to perform a total of 58 basal ganglia 
operations with 69% of his patients exhibiting 
tremor improvement. While most of Meyers’ 
patients had improvement of tremor and rigidity 
without expected paralysis, his procedures car-
ried a rate of high morbidity and nearly 15% 
mortality [8]. Meyers’ series inspired Gerard 
Guiot to lesion the ansa lenticularis from a sub-

frontal approach, achieving a similar degree of 
tremor and rigidity relief [9]. Fortunately, Ernest 
Spiegel and Henry Wycis developed the modern 
cerebral stereotactic system in 1947 and targeted 
many of their earliest procedures for tremor [10–
12]. Stereotactic lesioning had favorable results 
for tremor control and decreased rigidity with an 
improved safety profile.

Irving Cooper performed the first pallidot-
omy in 1952, which occurred serendipitously 
when he was forced to occlude the anterior cho-
roidal artery (AChA) during a pedunculotomy 
for a patient with postencephalitic tremor [13, 
14]. Cooper found his patient to be cured of 
tremor and rigidity without corticospinal deficit, 
leading him to intentionally occlude the AChA 
in at least 40 other patients with PD by 1955 
[15]. During this time, Cooper also developed a 
technique involving pneumoencephalography 
and stereotaxy to lesion the globus pallidus with 
greater accuracy, reliability, and safety [16]. 
Ventrolateral (VL) thalamotomy was proposed 
by Rolf Hassler, who demonstrated that the 
main outflow tract of the medial globus pallidus 
is to the VL thalamus [17, 18]. Gonzalo Bravo 
and Cooper subsequently performed stereotac-
tic lesioning of the VL thalamus, confirming 
this procedure to be more effective for tremor 
control with fewer complications as compared 
to pallidal lesioning [19, 20].

Contemporary methods for creating cerebral 
lesions for the treatment of tremor have become 
more precise with the development of computed 
tomography (CT) in the 1970s and magnetic res-
onance imaging (MRI) in the 1980s. These meth-
ods have also become less invasive with 
advancements in the field of Gamma Knife radio-
surgery (GKRS) and magnetic resonance-guided 
focused ultrasound (MRgFUS). In the following 
sections of this chapter, we will review appropri-
ate patient selection for surgical lesioning in the 
treatment of essential tremor (ET), discuss surgi-
cal targets currently used in the ablative treat-
ment of ET, compare and contrast modern 
lesioning modalities, and highlight upcoming 
developments in this field. Lesioning for PD and 
deep brain stimulation (DBS) will be discussed 
in separate chapters.

S. Moosa and W. J. Elias



299

 Practice Parameters and Patient 
Selection

 Practice Parameters

Essential tremor is the most common movement 
disorder, affecting up to 5% of the population [21]. 
Patients with ET typically exhibit postural and 
kinetic tremor of the upper extremities either uni-
laterally or bilaterally; however, the axial muscula-
ture and lower extremities may also be affected 
[22]. The first-line medical treatments for ET 
include propranolol and primidone. Unfortunately, 
30–50% of patients with ET will not respond or 
are intolerant of either drug [23, 24]. Second-line 
drugs include alprazolam, atenolol, gabapentin, 
sotalol, and topiramate, but the evidence for their 
use toward tremor suggests less efficacy [25, 26].

Patients who are refractory to medical therapy 
for ET may be referred for surgical treatment, 
which includes cerebral lesioning or neuromodu-
lation with DBS [27]. The clinical evidence for 
specific lesioning procedures will be reviewed 
later in this chapter. Current practice parameters 
published in 2005 and 2011 by the American 
Academy of Neurology (AAN) describe unilateral 
thalamotomy as “possibly effective” (Level C evi-
dence) in the treatment of contralateral limb tremor 
in patients with ET who are refractory to medical 
treatment. Bilateral thalamotomies are not recom-
mended due to an increased risk for adverse events. 
DBS is also listed as “possibly effective” (Level C 
evidence) for the reduction of contralateral limb 
tremor. While DBS may have a lower risk for 
adverse events than thalamotomy, specific patient 
characteristics must be taken into account to deter-
mine the best surgical course. According to AAN 
practice parameters, there is insufficient data to 
support the use of bilateral DBS for bilateral upper 
extremity tremor or head/voice tremor, and there is 
also insufficient evidence (Level U) to support the 
use of Gamma Knife radiosurgery (GKRS) for the 
treatment of ET [25, 26].

 Patient Selection

The two general categories for the surgical treat-
ment of ET include stereotactic ablation and DBS 

neuromodulation. DBS is almost always a surgi-
cal option, as it is considered safe for both unilat-
eral and bilateral treatment of ET with equal or 
better efficacy to thalamic ablation. In addition, 
DBS allows for adjustable and reversible neuro-
modulation. The DBS procedure requires the 
implantation of intracranial electrodes and an 
internal pulse generator, which is generally 
placed in the chest wall. There is a subset of 
patients with ET who are not amenable to having 
implanted hardware due to discomfort, the need 
for long-term programming adjustments, the 
potential for repeat surgical operations to address 
an expired battery or device-related complica-
tion, and/or the high cost of the procedure. There 
are also patients who cannot safely undergo a sur-
gical operation for DBS electrode placement due 
to severe medical comorbidities and the inability 
to withhold anticoagulants for the procedure. In 
addition, patients with a recently infected DBS 
system, a high risk for hardware infection, or an 
expected need for cerebral ablation, transcranial 
magnetic stimulation, or electroconvulsive ther-
apy may be better candidates for cerebral lesion-
ing procedures [27]. Thus, patients with medically 
refractory ET who are unwilling or unable to 
undergo DBS may be considered for surgical 
lesioning. Of note, surgical lesioning is not rec-
ommended for the bilateral treatment of tremor 
due to the increased risk for adverse events; how-
ever, ablative and neuromodulatory procedures 
may be combined for bilateral tremor if neces-
sary [25]. DBS is clearly the best choice for 
patients with bilateral symptoms and/or signifi-
cantly bothersome axial tremor.

There are currently three widely accepted 
modalities for thalamic lesioning: radiofrequency 
(RF) ablation, GKRS, and MRgFUS. These will 
be individually described in the ensuing sections 
of this chapter. Ideal thalamotomy candidates are 
primarily unilaterally or asymmetrically affected 
where appendicular tremor of the hand is the pri-
mary complaint. The surgeon must be very cau-
tious in cases involving the elderly or those with 
impaired balance where any degree of ataxia 
could significantly affect their living situation. In 
general, patients who are able to safely tolerate an 
open surgical intervention and prefer not to have 
or cannot have implanted surgical hardware are 
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considered good candidates for RF ablation [27]. 
Patients who prefer or require less-invasive lesion-
ing modalities can be considered for MRgFUS or 
GKRS.  Patients who undergo MRgFUS must 
undergo screening with a head CT, as this proce-
dure can be contraindicated if the skull is unsuit-
able to transmit acoustic energy (typically in cases 
where the degree of cancellous bone is elevated in 
relation to cortical bone). They must also be ame-
nable to undergoing a full head shave. Patients 
who undergo GKRS or other forms of stereotactic 
radiosurgery (SRS) must be willing to tolerate 
delayed benefits from the surgery. Table 21.1 pro-
vides a comparison of the current surgical options 
for medication- refractory ET.

 Surgical Targets

 Ventral Intermediate Nucleus

The most common surgical target in lesioning 
procedures for ET is the ventral intermediate 
(Vim) nucleus of the thalamus. Based on the 
Schaltenbrand-Wahren atlas, which uses termi-
nology developed by Hassler, the Vim is interme-
diately located between the motor thalamus 
anteriorly (ventralis oralis posterior [Vop] 
nucleus) and sensory thalamus posteriorly (ven-

tralis caudalis [Vc] nucleus) [28]. The medial and 
lateral borders of the Vim are formed by the cen-
tral thalamic nucleus and internal capsule, 
respectively. The Vim measures 1.5–3.5  mm in 
the anterior-posterior plane, 8–9  mm in the 
medial-lateral plane, and 8–9 mm in the dorsal- 
ventral plane [29]. There is a somatotopic organi-
zation of the Vim, with the contralateral mouth 
being represented medially, followed by the con-
tralateral arm and then leg moving laterally. 
Afferent projections to the Vim carry kinesthetic 
information and arise from the contralateral spi-
nal cord and deep cerebellar nuclei via the denta-
torubrothalamic tract (DRT). The efferent 
projections from the Vim extend to the ipsilateral 
primary motor cortex.

Indirect localization of the Vim is based on 
studies that have examined average distances of 
successful thalamotomies referenced from the 
anterior commissure (AC) and posterior commis-
sure (PC). While there is significant variability in 
Vim targeting among neurosurgeons, lesions are 
typically placed 25% of the AC-PC distance ante-
rior to PC (typically 7  mm) and approximately 
14 mm lateral to midline (or 10–11 mm lateral to 
the wall of the third ventricle in patients with ven-
triculomegaly) at the level of the intercommis-
sural line (ICL) [30, 31]. Figure 21.1 provides an 
example of indirect targeting of the Vim. The neu-

Table 21.1 Comparison of surgical options for essential tremor

– RF lesion GKRS lesion MRgFUS lesion DBS
Pros Single operation

Intraoperative mapping 
with MER or stimulation
Testing with 
subtherapeutic lesion
No implants

Single operation
Less invasive
No implants

Single operation
Less invasive
Testing with 
subtherapeutic lesion
Intraoperative 
radiographic feedback
No implants

Reversible
Adjustable
Intraoperative mapping 
with MER or stimulation
Safe for bilateral tremor

Cons Surgical risk
Irreversible
Transient edema-related 
side effects
Side effects may be 
permanent

Irreversible
Delayed benefit
No intraoperative 
feedback
Exposure to radiation
Uncomfortable if 
claustrophobic

Irreversible
Transient edema- 
related side effects
Side effects may be 
permanent
Head must be shaved
Uncomfortable if 
claustrophobic

Surgical risk
Programming adjustments 
over time
Battery replacements and/
or charging
Device-related 
complications (i.e., 
infection)

DBS deep brain stimulation, GKRS Gamma Knife radiosurgery, MER microelectrode recording, MRgFUS magnetic 
resonance-guided focused ultrasound, RF radiofrequency
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rosurgeon must understand that this is an approxi-
mation of the Vim, and care must be taken to 
adjust the surgical target to avoid lateral deviation 
into the internal capsule or posterior deviation 
into the sensory thalamus. This can be performed 
more easily with the assistance of computer pro-
grams that provide an adjusted overlay of a ste-
reotactic atlas on the patient’s MRI scan [32]. 
Since the Vim cannot be directly delineated using 
current MRI technology, tractography is being 
investigated as a patient- specific means of local-
ization based on connectivity related to the pyra-
midal tract, medial lemniscus, DRT, and 
thalamocortical tracts [33, 34].

Direct mapping of the motor and sensory thal-
amus can be performed using single-unit micro-
electrode recording (MER) [35]. Tremor cells, 
which exhibit bursting activity in synchrony with 
the patient’s extremity tremor, are primarily 
encountered within the Vim, caudal Vop, and 
anterior border of Vc [36, 37]. There is evidence 
that centering a lesion on the cluster of tremor 

cells improves the efficacy of tremor control [38]. 
Kinesthetic cells, which may respond to passive 
joint movements, are also seen within the Vim, 
while voluntary cells that are responsive to active 
movement are seen within the Vop. Of note, 
single- cell recordings from the Vop typically dis-
play decreased background activity, frequency, 
and amplitude in comparison to the Vim [39]. 
Sensory cells within the Vc respond to light touch 
and are well localized to a specific body area 
[32]. Further localization can be performed using 
micro- or macrostimulation, which commonly 
result in tremor arrest (Vim), paresthesias (Vc), 
or facial pulling/dysarthria (internal capsule) 
based on the location of the electrode.

 Posterior Subthalamic Area

While traditionally performed less commonly 
than Vim thalamotomy, lesioning within the pos-
terior subthalamic area (PSA) and, more specifi-
cally, the caudal zona incerta (cZI) are being 
increasingly considered for both parkinsonian 
and nonparkinsonian tremor. This technique has 
been refined over time with an improved under-
standing of the anatomical location of the palli-
dothalamic and cerebellothalamic tracts [40]. 
The PSA is located deep to the motor ventral 
thalamus, lateral to the red nucleus, and postero-
medial to the subthalamic nucleus. The statistical 
target is typically 10–14 mm lateral to midline, 
4.5–7.5  mm posterior to the midcommissural 
point (MCP), and 2–4  mm inferior to the 
ICL.  This area includes the zona incerta and 
Forel’s fields [41]. Plaha and colleagues have 
specifically targeted the cZI using the following 
coordinates: 11–13  mm lateral to midline, 
7–8 mm posterior to the MCP, and 4–5 mm infe-
rior to the ICL. Due to variability among lesion-
ing studies of the PSA, it is difficult to draw 
conclusions as to the efficacy of these procedures 
[41]. However, lesioning of the PSA appears to 
provide substantial tremor relief in ET, and bilat-
eral DBS studies involving these areas have dem-
onstrated significant improvement in both distal 
and axial tremor [42–44].

Fig. 21.1 In indirect targeting of the Vim, a straight line 
is first drawn and measured on an axial plane connecting 
the ventricular borders of the AC and PC. The y- coordinate 
is placed ¼ the length of the ICL anterior to the PC. The 
x-coordinate is placed 14  mm lateral to this point (or 
10–11  mm lateral to the wall of the third ventricle in 
patients with ventriculomegaly). The z-coordinate is the 
same as the AC-PC plane. AC anterior commissure, ICL 
intercommissural line, PC posterior commissure, Vim 
ventral intermediate nucleus
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 Radiofrequency Ablation

 Surgical Method

Radiofrequency ablation is typically performed 
with the patient awake in a stereotactic frame. At 
our institution, we obtain an intraoperative CT 
after frame placement, which is fused and regis-
tered with a preoperative MRI.  We use indirect 
targeting to plan the thalamotomy, taking care to 
avoid cortical vessels and sulci in order to reduce 
the risk of hemorrhage. We also avoid traversing 
the lateral ventricles whenever possible [45]. A 
burr hole is created at or anterior to the coronal 
suture, and the dura is sharply opened. Prior to 
opening the arachnoid, we will typically use bipo-
lar electrocautery to coagulate and fuse the arach-
noid to the pia in order to minimize cerebrospinal 
fluid (CSF) loss and subsequent brain shift. The 
RF probe has a 1.1  mm outer diameter with a 
3 mm exposed tip (Integra Radionics; Burlington, 
MA). Once the probe is placed at the target, 
absorbable gelatin sponges or tissue sealant is 
placed epidurally surrounding the probe to prevent 
further CSF leak. Stimulation is performed at 

150  Hz with gradually increasing voltage, and 
tremor relief and side effects are continuously 
monitored. If the probe is placed correctly, patients 
will typically display significant tremor control 
with transient paresthesias of the contralateral 
hand. Persistent paresthesias (suggesting involve-
ment of Vc) may require readjustment of the probe 
anteriorly, and facial or hand contractions (sug-
gesting involvement of the internal capsule) may 
require replacement of the probe medially. A test 
lesion can be performed at 45 °C for 60 seconds. 
The final therapeutic ablation is performed at 
70 °C for 60 seconds while continuously monitor-
ing the motor function of the patient [46]. In most 
cases, the probe is then withdrawn by 2 mm to per-
form a second, dorsal ablation. Figure 21.2 pro-
vides an example of the evolution of a thermal 
lesion over time, which is expected to be similar 
for RF ablation and focused ultrasound.

 Clinical Evidence

The majority of initial studies examining the effi-
cacy of RF ablation for tremor were retrospective 

Fig. 21.2 A left thalamic thermal lesion is depicted on 
the axial T2-weighted MRI (a). The evolution of this ther-
mal lesion over 1  month on T2-weighted, MPR, DWI, 
ADC, and SWI sequences is demonstrated in rows B–D. 
(b) MRI sequences obtained at 1 day postoperatively, (c) 
at 1 week postoperatively, and (d) at 1 month postopera-
tively. Note that, after lesional expansion from 1 day to 

1 week postoperatively, the area of cerebral edema signifi-
cantly declines at 1 month postoperatively. There is also a 
slight decrease in the size of central coagulative necrosis 
from 1 week to 1 month postoperatively. ADC apparent 
diffusion coefficient, DWI diffusion-weighted imaging, 
MPR MP-RAGE, MRI magnetic resonance imaging, SWI 
susceptibility-weighted imaging
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case series with heterogenous patient populations, 
surgical targets, and outcome measures [47–51]. 
Among these studies, moderate to complete tremor 
improvement at last follow-up ranges from 80% to 
100%. There are, however, three studies examining 
the results of thalamotomy in only patients with 
ET. In a cohort study of 21 patients who underwent 
RF thalamotomy for medically refractory ET, Zirh 
et al. demonstrated a 90% improvement rate from 
blinded functional assessments at 1 year postopera-
tively [52]. Akbostanci et al. performed 43 thala-
motomies in 37 patients with ET, all of whom had 
a significant reduction in tremor postoperatively 
[53]. At last follow-up ranging from 1 to 13 months, 
61% of patients had no tremor and 14% had mild 
tremor. Tremor recurred in five patients, who 
underwent successful repeat thalamotomies. 
Sobstyl et  al. used the Clinical Rating Scale for 
Tremor (CRST), a validated and disease-specific 
measure for tremor [54], to demonstrate ~60% 
improvement in terms of specific upper extremity 
motor tasks and functional disabilities [55].

Thalamic lesioning has been directly com-
pared to DBS.  Tasker et  al. performed a retro-
spective review of 47 patients with 
medication-refractory PD or ET who underwent 
either Vim thalamotomy or DBS placement [56]. 
Complete or nearly complete abolition of tremor 
occurred in 69% of patients who underwent thal-
amotomy, as compared to 79% in the DBS group. 
In a prospective, randomized comparison of 
tremor patients treated with either thalamotomy 
or DBS, Schuurman et  al. also demonstrated 
slightly more improvement in functional ability 
in the DBS group (90% vs. 79% at 6  months 
postoperatively) [57]. In contrast, Pahwa et  al. 
report no significant difference in terms of tremor 
scores or activities of daily living (ADL) scores 
in their retrospective review of 35 patients with 
medically refractory ET who underwent either 
thalamotomy or Vim DBS [58]. Anderson et al. 
performed a randomized comparison of index 
finger tapping following unilateral thalamotomy 
or DBS in 21 subjects with advanced ET. While 
the clinical improvement in tremor was similar 
for the two treatments, the thalamotomy group 
improved the regularity of finger tapping to a 
greater extent than with DBS [59].

 Adverse Events

Radiofrequency thalamotomy results in an irre-
versible lesion, making DBS a more forgiving 
procedure. Thalamic lesioning, like all other 
types of lesioning procedures, involves a balance 
in terms of lesion size as larger lesions are more 
effective and durable but more risky. Most tran-
sient adverse events following thalamotomy are 
related to perilesional edema, which subside as 
the edema decreases over time [27]. Tasker et al. 
describe transient ataxia, dysarthria, and gait dis-
turbance in 42% of their thalamotomy patients 
and 26% of DBS patients, which remained per-
manent in 31% of thalamotomy patients [56]. 
Schurrman et al. report similar findings with the 
addition of cognitive deterioration in 9% of the 
thalamotomy group and none of the DBS group. 
Of note, two of their patients with DBS implants 
developed hematoma or infection at the pulse 
generator site, and there was one mortality after 
DBS lead placement [57]. Pahwa et  al. also 
describe a higher rate of surgical complications 
from thalamotomy as compared to DBS; how-
ever, more patients in the DBS group required 
repeat surgery due to device-related complica-
tions [58]. RF thalamotomy of course obviates 
the risks of having surgically implanted devices, 
including hardware failure and infection. In con-
trast to thalamic DBS, bilateral RF thalamotomy 
is not deemed safe due to an increased risk of 
dysarthria [47, 49, 52]. Overall, the risk of sen-
sory or cerebellar deficit is higher with thalamic 
lesioning, but these procedures avoid the types of 
complications (such as infection) that are inher-
ent to implanted neurostimulators.

 Stereotactic Radiosurgery

 Surgical Method

While Gamma Knife (GK) is more commonly 
used to treat neuro-oncologic and vascular disor-
ders of the brain, Lars Leksell’s original vision 
for GK was for the treatment of functional disor-
ders [60, 61]. Gamma Knife thalamotomy is per-
formed with the patient awake after placement of 
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a stereotactic frame. The patient is then sent for a 
volumetric MRI, or a thin-cut CT scan to fuse to 
a recent volumetric MRI. The Vim is indirectly 
targeted on the MRI scan, ensuring that the 20% 
isodose line remains medial to the internal cap-
sule [62]. After placing the patient into the GKRS 
unit (Elekta; Stockholm, Sweden), a total of 130–
150 Gy is delivered to the Vim using a 4 mm col-
limator [62–65]. Ionizing radiation is typically 
administered over approximately 1 hour, although 
the total time for radiation delivery will depend 
on the age and half-life of the cobalt source [66]. 
Figure 21.3 displays an example of a radiosurgi-
cal plan for GK thalamotomy. Clinical and radio-
logical effects usually evolve over the course of 
1 month to 1 year (mean of 5 months) [63]. Thus, 
intraoperative testing for tremor relief is not per-
formed, and the target cannot be validated imme-
diately after the procedure.

 Clinical Evidence

There are two prospective, blinded, yet uncon-
trolled, studies of GK thalamotomy designed pri-
marily for the treatment of ET. Witjas et al. report 
a total of 50 patients (36 ET, 14 PD) who were 
treated with 130  Gy to the Vim and underwent 

blinded tremor assessment by expert neurologists 
over the course of 1  year. Upper limb tremor 
scores improved by a mean of 54% and ADLs by 
72%, although there was a relatively high drop-
out rate of 18% [63]. Lim et al. report a similar 
experimental design for a total of 14 patients (11 
ET, 3 PD); however, there was no statistically 
significant improvement in tremor scores [67]. 
Of note, two patients in this study had follow-up 
less than 1 year. There are several retrospective, 
unblinded reviews related to the efficacy of GK 
thalamotomy for tremor with varying outcome 
measures and scales [62, 64, 65, 68, 69]. The 
largest of these studies, reported by Young et al., 
evaluated a total of 161 patients with ET who 
received 140–150 Gy to the Vim with mean fol-
low- up of 33 months. The authors describe that 
81% of their patients improved after the treat-
ment, and mean tremor scores improved by 58% 
[64]. Niranjan et al. describe a retrospective anal-
ysis of 73 patients with ET treated with a mean of 
140 Gy to the Vim at a single center over 19 years. 
Using part of the Fahn-Tolosa-Marin clinical 
tremor rating scale, the authors show that tremor 
improvement occurred in 93% of their patients, 
and 96% continued to have tremor relief at last 
follow-up (mean last follow-up time was 
28 months) [68].

Fig. 21.3 Planning a right-sided GK thalamotomy for a 
patient with a previously placed left Vim DBS lead, as 
depicted on (a) axial, (b) coronal, and (c) sagittal MRI sec-
tions. The right Vim was treated with a prescription dose of 
65.0 Gy to the 50% isodose (yellow circle) with a maxi-
mum dose of 130.0 Gy. The coronal and sagittal sections 

demonstrate a large right posterior frontal extra- axial mass 
obstructing the typical access point for DBS electrode 
placement, which was a major determinant in referring the 
patient for GK thalamotomy. The green and red plus signs 
indicate the midline. DBS deep brain stimulation, GK 
Gamma Knife, Vim ventral intermediate nucleus
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 Adverse Events

The unique issue pertinent to radiosurgical thala-
motomy is the delayed and variable response, 
although some advocate that the latent effects are 
positive in that there is more time for compensa-
tion of brain function. Overall, radiosurgical thal-
amotomy is well-tolerated with few adverse 
events. Among the 50 patients treated by Witjas 
et al., 1 patient developed hemiparesis 12 months 
postoperatively, and another developed an exces-
sive edematous response observed on MRI, both 
of which resolved. Of note, 11 patients had mini-
mal to no lesion observed on an MRI performed 
1 year postoperatively, indicating high variability 
of response to ionizing radiation [63]. Similarly, 
Lim et al. report that 1 of their 14 patients experi-
enced extensive edema surrounding the thalamic 
lesion. This patient experienced a thalamic hem-
orrhage 14 months postoperatively while taking 
anticoagulants. Two other patients experienced 
mild, delayed finger numbness contralateral to 
the lesion [67]. Young et al. report mild sensory 
loss in 4 of 161 patients (2 were permanent) and 
motor impairment in 10 (6 had permanent contra-
lateral weakness and speech disturbances with 
progressive improvement). There was a clear cor-
relation between lesion size and the frequency of 
side effects. Interestingly, none of the 42 patients 
who underwent staged bilateral lesioning devel-
oped a complication [64]. Niranjan et al. report 
only temporary adverse radiation effects in 3 of 
73 patients (4%), including contralateral hemipa-
resis, facial weakness, dysphagia, and/or numb-
ness [68].

 Focused Ultrasound

 Surgical Method

There have been significant advancements in the 
field of stereotactic high-frequency ultrasonogra-
phy since it was first used to create intracranial 
lesions in the 1950s by Meyers and William and 
Francis Fry [70, 71]. Modern MRgFUS utilizes 

advanced transcranial acoustic delivery of ultra-
sound, phase correction technology, and MR 
thermography to achieve cerebral ablation with 
submillimeter precision [72, 73].

The patient first undergoes preparative imag-
ing, including CT and MRI scans. We use the 
CT to calculate the skull density ratio (SDR), a 
predictive measure of skull favorability for the 
MRgFUS procedure that is based on the 
Hounsfield unit values of the marrow and corti-
cal bone [74]. On the day of surgery, no pass 
regions are designated on the CT in the planning 
software so that the beam paths avoid the frontal 
sinuses and intracranial calcifications. The hair 
is clipped and the scalp is shaved to ensure that 
no microbubbles cavitate during transcranial 
sonication. The frame is placed low on the head 
to maximize the available surface area for the 
ultrasound transducer (NeuroAblate 4000, 
Insightec; Tirat Carmel, Israel). A silicone 
membrane is then placed over the scalp, the 
patient is positioned supine on an MRI table, the 
membrane is fixed to the transducer, and the 
space between the membrane and transducer is 
filled with chilled, degassed water. A reference 
MRI is acquired, and the Vim is targeted based 
on the indirect methods described in this chap-
ter. The transducer is adjusted so that its ideal 
focus matches the thalamic target. A series of 
test sonications are performed at low tempera-
tures (40–45 °C) to confirm that the heating is 
occurring at the stereotactic target. Next a series 
of moderate sonications (50–55  °C) are deliv-
ered so that clinical testing of the patient can be 
performed. Final therapeutic ablations (~60 °C) 
are prescribed once the targeting is confirmed 
on thermal images and with a positive clinical 
tremor response. In our practice, we create an 
additional therapeutic ablation 2 mm dorsal to 
the original target in order to enlarge the lesion 
[75]. As with other thermal lesioning tech-
niques, the clinical effects occur immediately. 
Postoperative MRI can be obtained after the 
procedure or on the following day when the 
lesion has matured. Figure 21.4 further depicts 
contemporary MRgFUS.
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 Clinical Evidence

Focused ultrasound thalamotomy for the treatment 
of medication-refractory ET was originally 
explored with 3 uncontrolled pilot studies [76–78], 
which were followed by a multicenter, random-
ized, sham-controlled clinical trial of 76 patients 
with ET [79]. Videotape ratings of tremor and dis-
ability scores were performed by independent 
experts at 3  months and 12  months postopera-
tively. Mean tremor scores improved by 47% 
(0.1% in the sham group), and mean disability 
scores improved by 59% at 3 months in the thala-
motomy group. This clinical benefit was sustained 
at 12 months. A separate follow-up study at 2 years 
demonstrated sustained clinical benefit in 67 
patients who underwent thalamotomy with a mean 
improvement in tremor score of 56% and disabil-
ity score of 60% [80]. MRgFUS was subsequently 
approved by the Food and Drug Administration for 
the treatment of ET in July 2016.

 Adverse Events

The MRgFUS system monitors for cavitation and 
patient movements in order to prevent unintended 
tissue destruction. To date, there have been no 
reported incidences of intracranial hemorrhage or 
mortality from the use of MRgFUS for move-

ment disorders [81]. Elias et  al. report that the 
most common adverse effects are sensory 
changes (numbness/paresthesia), which occurred 
in 38% and persisted in 14%, and gait distur-
bance (unsteadiness/ataxia), which occurred in 
36% and persisted in 9%. Fishman et al. reviewed 
safety data of 186 patients from five studies who 
underwent MRgFUS thalamotomy for ET, 
reporting a 1.6% rate of procedure-related seri-
ous adverse events [81]. As with other lesioning 
modalities, treatment effect may wane over time. 
DBS salvage and potentially repeat lesioning are 
possible ways to address the waning efficacy of a 
thalamic lesion [82].

 Future Directions

The field of stereotactic neurosurgery was origi-
nally established for intracerebral lesioning. The 
first era of lesioning ended in the 1960s with the 
synthesis of l-Dopa [83], and the second era con-
cluded with the advent of DBS in the 1980s [84]. 
It is important to note, however, that lesioning 
has not been abandoned because of lack of effi-
cacy. Enthusiasm for lesioning has waned at 
times, but new advancements in imaging and 
less-invasive lesioning modalities continue to 
move this field forward. Currently, high-field 
MRI [85] and tractography [86, 87] are being 

Fig. 21.4 Contemporary MRgFUS. (a) Patient supine on 
MRI table prior to left-sided MRgFUS for ET. A stereo-
tactic frame secures the patient’s head to the MRI table 
and ultrasound transducer. (b) A maximum of 1024 indi-
vidual elements are used to sharply focus the ultrasound 
beams (depicted by green lines) on the target (blue circle). 
(c) MR thermometry is used to monitor temperature 
changes (accurate to ~1 °C) every 3 seconds during a soni-

cation. Temperature changes are mapped in two dimen-
sions in the plane perpendicular to the resonance 
frequency. On this coronal MRI, the intracranial green 
area depicts heating at the thalamic target. (d) This post-
operative coronal T1-weighted MRI demonstrates a left 
thalamic lesion with less than 1 mm precision. ET essen-
tial tremor, MRgFUS magnetic resonance-guided focused 
ultrasound, MRI magnetic resonance imaging
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integrated with all lesioning modalities to 
improve targeting accuracy and precision.

Perhaps the most important clinical issue to 
address for newer lesioning modalities is the 
safety of bilateral thalamotomy to treat bilateral 
and/or axial tremor. As described in this chapter, 
early ablative studies in the treatment of move-
ment disorders demonstrated a significantly 
increased risk of dysphagia and disequilibrium in 
patients with bilateral lesions. However, these 
studies were performed in a time without the pre-
cise stereotactic methods and detailed intracra-
nial imaging techniques available to 
neurosurgeons today. In addition, the predomi-
nant population in these studies were patients 
with PD and not ET, many of whom had baseline 
swallowing and balance issues [88]. More recent 
investigations into bilateral thalamotomy using 
GKRS to treat ET indicate a comparable risk to 
unilateral lesioning [64]. Thus, it may be safe to 
perform bilateral thalamotomies in a staged man-
ner using modern lesioning modalities.

 Conclusion

There have been significant advancements in the 
field of cerebral lesioning for ET since its incep-
tion in the 1930s. Surgical teams are able to 
lesion the Vim or PSA unilaterally in patients 
with medication-refractory ET using RF abla-
tion, GKRS, and MRgFUS.  It is important that 
these teams take specific patient characteristics 
and expectations into account in order to deter-
mine if cerebral lesioning is appropriate and what 
method of lesioning should be performed. As sur-
geons gain access to increasingly accurate, pre-
cise, and versatile ablative methods, we expect to 
bear witness to the rise of a new, third era of cere-
bral lesioning.
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Dystonia

Teresa Wojtasiewicz, Ankur Butala, 
and William Stanley Anderson

 Introduction

Dystonia is a heterogenous group of movement 
disorders characterized by a variety of patterns of 
abnormal movements and postures, typically pat-
terned and twisting or tremulous, which can 
affect the head, torso, and limbs. Pooled analysis 
suggests the prevalence of primary dystonia is 16 
per million people, which is likely an underesti-
mate, and the prevalence of secondary dystonia 
(resulting from a secondary neurological insult) 
is unknown [1]. As of yet, there is no unifying 
mechanism to explain the physiology of the con-
stellation of dystonia disorders [2, 3]. Dystonic 
postures can significantly impair a patient’s abil-
ity to walk, care for themselves, and work. Over 
time, dystonic movements can result in musculo-
skeletal complications including contractures, 
scoliosis, and bony deformities, and dystonia can 
be a cause of persistent chronic pain. Neurosurgery 
can be helpful for patients who do not achieve 
adequate symptom relief with medical therapy. In 

the following chapter, we will focus on surgical 
aspects of dystonia, including preoperative con-
siderations, operative techniques, and postopera-
tive assessment and outcomes.

 Classification and Diagnosis 
of Dystonias

Dystonia is an imprecise diagnosis, comprising a 
group of disorders. Dystonia is classified using 
two major axes: clinically (age of onset or ana-
tomical distribution of regions) and etiologically 
(primary vs. secondary) [4–7].

 Clinical Assessment of Dystonia

On clinical assessment of a patient with dystonia, 
simultaneous activity of muscle agonists and 
antagonists produces a dystonic contraction. The 
duration of these contractions may vary consider-
ably, from brief moments to sustained spasms. 
Rhythmic or semi-rhythmic movements may 
accompany the contractions, producing a dys-
tonic tremor that can be mistaken for “essential” 
or a rubral tremor. Dystonic movements may also 
appear as abnormal twisting or choreiform pos-
tures, hence the historical term “torsion dysto-
nia.” Dystonias may be segmental (contiguous 
regions), multifocal (noncontiguous), hemidysto-
nia (hemibody, usually secondary to acquired 
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structural pathology), generalized (involving the 
trunk and two other regions), or multifocal. Many 
dystonias are now recognized to be task-specific. 
Task-specific dystonias may develop in parts of 
the body involved in skilled or repetitive move-
ments such as writing (writer’s cramp) or playing 
a musical instrument (embouchure dystonia) [3, 
8, 9]. Dystonia can be associated with overflow 
movements, where muscles adjacent to those 
implicated in the dystonia are activated, either 
ipsilaterally or contralaterally. Mirroring can also 
be seen, where use of a less severely affected or 
non-affected limb provokes dystonic movements 
in the affected area [10]. Some patients may 
report alleviating maneuvers, such as touching a 
cheek or chin in cervical torticollis [11, 12]. A 
wide range of sensory and non-tactile stimuli 
may alleviate dystonic symptoms [13–16].

 Etiology of Dystonia

The etiology of dystonias includes primary dys-
tonias, which typically present early in life and 
cannot be attributed to an acquired cause, and 
secondary dystonias which result from a variety 
of complex triggers. There are many genes impli-
cated in causing different varieties of primary 
dystonia, including more than 25 monogenic 
forms of dystonia [17, 18]. Dystonia syndrome 
may be isolated to dystonic postures (isolated 
dystonia) or combined with myoclonus, 
Parkinsonism, or hyperkinetic movements (com-
bined dystonia). The majority of dystonias have 
an autosomal dominant inheritance albeit vari-
able penetrance, though there are notable excep-
tions of X-linked, autosomal recessive, and 
mitochondrial disorders [19]. Secondary dysto-
nias are acquired in the setting of complex 
genotype- phenotype interactions and often occult 
environmental triggers. Neoplastic, hemorrhagic, 
or ischemic insults to the thalamus or basal gan-
glia may cause focal, segmental, or hemibody 
dystonias with or without comorbid hyperkinetic 
movement of choreaballism or myoclonus [20, 
21]. Even dystonia-associated perinatal hypoxic- 
ischemic damage may manifest well into young 
adulthood [22, 23]. A variety of medications may 
induce a delayed, tardive, dystonia, including 

antipsychotics, antiemetics, antidepressants, and 
anticonvulsants [24].

 Rating Scales for Dystonia

Primary and secondary dystonias represent a 
highly heterogenous group of disorders, both in 
terms of phenotypic presentation and etiology. 
Several standardized rating scales have been 
developed and validated for specific dystonias, 
including blepharospasm, cervical dystonia, focal 
dystonia, and generalized dystonias [25–28]. The 
Movement Disorders Society Task Force on 
Rating Scales has recommended several scales for 
preoperative assessment. The Toronto Western 
Spasmodic Torticollis Rating Scale (TWSTRS) is 
the most widely used, with good inter-rater reli-
ability, and is an extensive scale with three sub-
scales that measure the clinician-assessed physical 
severity and response to alleviating maneuvers, as 
well as patient-informed sections on disability 
and pain [26]. The Burke-Fahn- Marsden Dystonia 
Rating Scale (BFMDRS) is another widely used 
clinician-rating scale in adults and children and 
assesses generalized dystonia by regional motor 
manifestation and degree of disability [29, 30].

 Medical Management

Many patients with dystonia can have satisfac-
tory control of their symptoms with symptomatic 
medical management [31]. Symptomatic man-
agement is complex and multifaceted and can be 
broadly divided into three categories: (1) non- 
pharmacological options, such as physical ther-
apy and bracing, (2) pharmacological treatment, 
and (3) chemo-denervation (botulinum toxin).

 Physical and Supportive Therapy

There are a multitude of non-pharmacological 
therapies for dystonia, including biofeedback 
training, postural exercises, bracing, and 
behavioral therapies with most investigations 
limited to case series and a few clinical trials 
[31–34]. Though there is some promising evi-
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dence for these physiotherapies, particularly 
motor retraining and transcutaneous electrical 
nerve stimulation (TENS) in focal dystonia, 
these should be adjuvant, not first-line or soli-
tary, treatments [33, 35].

 Pharmacological Treatment

Pharmacological management in dystonia con-
sists of symptomatic treatment, as there are no 
established disease-modifying therapies for any 
dystonia to date. There are few well- powered 
blinded clinical trials investigating pharmaco-
logical options in dystonia, and existing recom-
mendations are largely based on empirical 
observations and open-label studies. Some dys-
tonia, such as DYT5a (Segawa disease or dopa-
mine-responsive dystonia, DRD), appears to be 
rapidly responsive to even low doses of dopa-
mine agonists [36, 37]. Dopamine antagonists, 
such as clozapine, have also been utilized in the 
treatment of both acute tardive dystonias and 
idiopathic dystonias, though efficacy is equivo-
cal and side effects (both immediate and long-
term) are notable [38–40]. Dopamine modulation 
appears to be effective for tardive dystonia [41] 
and idiopathic dystonia [42], though these medi-
cations are not yet widely available [43–45]. 
Anticholinergic agents have long been observed 
to improve acute dystonic reactions from anti-
psychotics [46–48]. Anecdotal evidence sug-
gests that anticholinergic medications appear to 
be effective for dystonia, particularly in children, 
who appear to tolerate high doses of anticholin-
ergics better than adults [49, 50]. These medica-
tions appear effective in primary dystonia [51] as 
well as secondary forms of dystonia such as 
cerebral palsy [52, 53]. However, botulinum 
toxin has been consistently shown to have supe-
rior efficacy and is better tolerated than anticho-
linergics, and these have been resigned to 
second- or third-line management options [54].

 Botulinum Injections

Intramuscular injection of botulinum toxin is the 
first-line treatment for dystonia recommended by 

multiple multidisciplinary societies and national 
organizations [32, 55–57]. Botulinum injections 
have been shown to be effective in primary cra-
nial (excluding oromandibular) dystonia, cervi-
cal dystonia, and writer’s cramp [58–60]. 
Botulinum is safe in both adults and pediatric 
patients [61]. The two serotypes of botulinum 
toxin available in the United States, onabotu-
linumtoxinA (type A) and rimabotulinumtoxinB 
(type B), differ in their pharmacological mecha-
nism of action, but have both been shown to be 
effective in the treatment of dystonia [62, 63].

 Surgical Treatment

Surgical treatment for dystonia evolved over the 
past century from open pallidotomies and thala-
motomies [64, 65] to peripheral denervation and 
modern deep brain stimulation [66, 67], shaped 
by advances in understanding of pathophysiol-
ogy, electrophysiology, and functional imaging. 
Deep brain stimulation (DBS), typically of the 
pallidum, is the most common surgical procedure 
used for medically refractory dystonia. As the 
efficacy of pallidal DBS can vary based on patient 
characteristics and classification of dystonia, 
careful preoperative evaluation and counseling 
about expected outcomes of surgery is critical 
[68–74]. There are multiple approaches for deep 
brain stimulation, including a variety of different 
options for stereotactic localization. We will 
review both frame-based and intraoperative MRI- 
guided approaches to the internal globus pallidus 
(GPi). There are also other techniques that have 
evolved for treatment of dystonia, including 
peripheral denervation and new, less invasive 
methods of performing pallidotomies. We will 
briefly discuss these techniques.

 Deep Brain Stimulation

Deep brain stimulation is beneficial for many 
dystonia patients resistant to medical therapy and 
botulinum injections. Multiple randomized con-
trolled trials have shown significant long-term 
benefit of DBS in primary generalized and cervi-
cal dystonia [68–73], and there is also evidence 
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for use of DBS in patients with certain secondary 
forms of dystonia [68]. However, not all patients 
achieve the same degree of benefit, and patients 
are best managed by an interdisciplinary move-
ment disorders team. A team-based approach 
should determine whether DBS is the most 
appropriate therapy, what target is ideal for a 
given patient, and how a patient should be man-
aged postoperatively. A patient’s neurologist 
begins with a comprehensive neurology assess-
ment to ensure a patient is appropriately diag-
nosed and appropriately medically optimized and 
makes a referral for surgical discussion. A poten-
tial candidate for DBS is then referred to a neuro-
surgeon to discuss the procedure, operative risks, 
and expected benefit. Assessment of medical 
comorbidities and safety of surgery is important 
and may require collaboration with other medical 
specialists. Cognitive assessment with a neuro-
psychologist and, if appropriate, psychiatrist can 
ensure no comorbid cognitive impairment or 
behavioral issues that would reduce a patient’s 
ability to benefit from DBS.

Multidisciplinary team management also 
includes discussion of the most appropriate target 
for DBS. Pallidal DBS, targeting the internal glo-
bus pallidus (GPi), is the most common approach 
for dystonia and has been validated with multiple 
randomized controlled trials [68–73]. However, 
other targets have shown promise in dystonia, 
including cortical and thalamic targets [75–77]. 
The thalamic ventralis intermedius nucleus (Vim) 
can improve both dystonic and tremor features 
and can be performed unilaterally [78, 79], bilat-
erally [80], or in association with GPi DBS [77, 
81–83]. Some case series have suggested that the 
posterior region of the ventrolateral nucleus may 
also improve dystonic features [84]. The STN 
and adjacent targets have shown some benefit in 
secondary dystonia in Parkinson’s disease and 
have also been considered for treatment of dysto-
nia syndromes [76, 85]. Though the GPi is the 
primary target for dystonia, these other targets 
may offer promise, and further head-to-head 
comparison would help establish what target 
would be ideal for a given individual.

 Surgical Procedure: DBS

Many successful, accurate approaches to lead 
placement exist. Other sections of this text will 
detail the various options for stereotactic accu-
racy and the relative benefits and drawbacks of 
each. We will review the frame-based approach 
with microelectrode recording and intraopera-
tive testing and the intraoperative MRI-guided 
approach. Awake DBS using frame stereotaxy 
and intraoperative testing has been established 
as a safe, precise technique [86, 87]. However, 
frame-based approaches and awake testing can 
be challenging in patients with dystonia, espe-
cially those who have cervical dystonia or sig-
nificant trunk or body movements. Dystonia 
patients may have so much difficulty with 
immobilization in a fixed head position that 
frame-based DBS is not safely possible. A vari-
ety of frameless techniques exist for these 
patients. The outcomes for frameless DBS 
appear comparable to frame- based techniques, 
even though clinical studies suggest that frame-
less technology may not be as accurate [88, 89]. 
For patients with severe dystonic movements, 
an awake procedure can be extremely uncom-
fortable. Furthermore, dystonic symptoms fre-
quently are not alleviated by intraoperative 
testing, so stimulation can only elicit negative 
effects. DBS leads can also be accurately placed 
solely using image guidance [90–92]. This obvi-
ates the need for intraoperative testing and 
allows DBS leads to be placed under general 
anesthesia, which is very helpful for some dys-
tonia patients who cannot tolerate an awake pro-
cedure. There is some controversy over whether 
current image-guided techniques are as accurate 
enough for anatomic/image-guided targeting 
(“asleep” surgery) to be comparable to DBS 
with microelectrode recording and intraopera-
tive testing (“awake” surgery) [93–95]. 
However, studies of DBS without microelec-
trode recording indicate good results, and there 
is no consensus of whether the revisions in lead 
location suggested by microelectrode recording 
lead to improved outcomes [96, 97].
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 Surgical Procedure: Frame-Based 
DBS

For a frame-based approach, the patient is preop-
eratively placed in a stereotactic frame (e.g., 
Leksell Frame, Elekta, Stockholm, Sweden). The 
frame is placed parallel to the Frankfort plane. 
Computed tomography (CT) is performed with 
the patient in the frame and fused to a preopera-
tive MRI on a computerized planning station. A 
combination of atlas-based targeting using ante-
rior commissure-posterior commissure (AC-PC) 
distance and other midline structures (indirect 
targeting) and MRI-guided targeting (direct tar-
geting) may be performed. Using the 
Schaltenbrand and Talairach atlases, the globus 
pallidus interna (GPi) is estimated as 2–3  mm 
anterior, 3–4 mm inferior, and 20–22 mm lateral 
to the mid-commissural point stereotactic atlases 
[98–101]. The coordinates of the GPi can be 
identified on MRI by finding the junction of the 
posterior quarters of the GPi and GPe on an axial 
cut through the anterior commissure [100, 101]. 
The estimated trajectory of the target is planned, 
and the X,Y,Z and arc and ring angle coordinates 
are obtained, using a computerized stereotactic 
planning station (e.g., Framelink workstation; 
Medtronic, Minneapolis, MN). In the operating 
room, the frame is fixed to the operating room 
table to minimize head movement during surgery 
(Fig. 22.1). This point can be particularly diffi-
cult for patients with dystonia with involuntary 
head or neck movements. Skin incision is made 
at the estimated entry point and a burr hole is 
drilled at each estimated entry point. A DBS elec-
trode fixation device used to anchor the lead at 
the end of the case is seated securely around each 
burr hole. The dura is coagulated and incised in a 
cruciate fashion. The introducer cannula is then 
placed along the intended trajectory using intra-
operative X-ray or CT to guide placement. At this 
point, if microelectrode recording (MER) is 
planned, a high-impedance platinum-iridium 
microelectrode is passed through the cannula 
(Fig.  22.2). The microelectrode is slowly 
advanced, while a clinician confirms that the 
electrode is proceeding along an appropriate tra-

Fig. 22.1 Patient immobilized in Leksell stereotactic 
frame

Fig. 22.2 Microelectrode recording apparatus
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jectory by monitoring for characteristic neuronal 
firing patterns and kinesthetic response to move-
ment [102]. The microelectrode is advanced to 
4–5 mm below the target, and stimulation is per-
formed while an examiner assesses the patient, 
monitoring for therapeutic benefit or stimulation- 
induced side effects. Notably, for dystonia, thera-
peutic benefit is typically not evident in the 
operating room. Stimulation-induced side effects 
can identify the relative positions of the optic 
tract, internal capsule, and medial lemniscus, 
and, if needed, the lead trajectory can be revised. 
After stimulation has been completed, the micro-
electrodes are removed and the DBS lead is 
placed. Intraoperative fluoroscopy is used to ver-
ify lead location. Stimulation of the lead can be 
performed at various settings to ascertain symp-
tom relief and any side effects from adjacent 
structures. Once the lead position is verified, the 
lead is secured. Once both leads have been 
placed, temporary lead covers are placed, and the 
leads are tunneled along the scalp toward the 
planned pulse generator site.

 Surgical Procedure: MRI-Guided DBS 
[103, 104]

If an MRI-guided approach is deemed appropri-
ate, the patient is brought into the OR suite for 
induction for endotracheal general anesthesia and 

then placed into a fixation device. There are a 
number of options available, depending on what 
method of stereotactic guidance is chosen. At our 
institution, we use intraoperative MRI.  For this 
approach, the MRI Interventions (Irvine, CA) 
ClearPoint head fixation system (Fig. 22.3) and 
ClearPoint fiducial grids are placed at the esti-
mated scalp entry point for GPi targeting after 
standard prepping and draping. A standard 3D T1 
volumetric acquisition MRI scan with gadolin-
ium is obtained to formulate initial entry points 
and trajectories. Based on these trajectories, inci-
sions are made. We choose a modified bicoronal 
incision to facilitate placement of alignment 
bases. Burr holes are made at each entry point, 
followed by fixation of the ClearPoint alignment 
bases (Fig. 22.4). T1 volumetric scans (without 
contrast) and high-resolution thin-slice biplanar 
slabs are obtained and repeated as the introducer 
cannulas are aligned to achieve less than 1 mm 
radial error in targeting. Once the trajectories 
have been established, ceramic stylets are inserted 
through the cannula into the target positions, and 
another 3D T1-weighted volumetric acquisition 
scan is obtained to verify good position within 
the GPi. The stylets are then removed and 
replaced with two DBS leads after removal from 
the iMRIS bore. The DBS leads are secured with 
the burr hole fixation system and tunneled under 
the scalp in preparation for the implantable pulse 
generator placement.

Fig. 22.3 Position of 
patient immobilized in 
ClearPoint frame
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 Implantation of Pulse Generator

The implantable pulse generator can be placed 
immediately after the DBS leads or in a delayed 
fashion at 1 week. The right side is generally pre-
ferred to avoid interfering with any potential 
future need for a cardiac pacemaker. The patient 
is placed under general anesthesia and an incision 
is made over the tunneled leads. The leads are tun-
neled posterior to the pinna and a site is prepared 
for the connection fixture to the extension cabling. 
A trough can be drilled in the skull to make the 
connection fixture less prominent and reduce the 
tension on the overlying skin. The infraclavicular 
incision is made and a pocket is prepared above 
the pectoralis fascia to house the pulse generator. 
The extension cabling is tunneled to the infracla-
vicular incision and connected to the pulse gen-
erator. The connection fixture and pulse generator 
are secured with sutures to prevent migration and 
the incisions are closed.

 Postoperative Complications

The complications associated with performing 
DBS in patients with dystonia are similar to the 
types of complications seen in performing DBS 

for other indications [105–119]. Complications 
from DBS can be procedure-related, hardware- 
related complications, or stimulation-related. We 
discuss the risks below.

Procedure-related complications in DBS typi-
cally happen immediately during or following sur-
gery. Many of these immediate complications 
from DBS, including postoperative delirium, sei-
zure, vasovagal response, and headache, are self- 
limited and do not cause permanent deficits 
[105–118]. DBS also carries a risk of intracranial 
hemorrhage, which can cause serious neurological 
deficits and death [108, 110, 112, 115, 117, 120]. 
The rate of hemorrhage after DBS is fortunately 
quite low, ranging from 0.8% to 5%, and only 
approximately half of these patients are symptom-
atic [108, 110, 112, 115, 117, 120]. Series of dys-
tonia patients who undergo DBS have shown that 
dystonia is associated with comparable rates of 
hemorrhage compared to other groups of patients 
treated with DBS [117]. Though there has been 
some concern for a higher rate of hemorrhage in 
the GPi, the typical target used in dystonia, further 
analysis has not shown a definitive correlation 
between hemorrhage risk and anatomical target 
[119, 121, 122]. The association between hemor-
rhage and microelectrode recording is controver-
sial. There is some suggestion that microelectrode 
recording increases the risk of hemorrhage, with a 
correlation between risk and number of micro-
electrode passes, but some series have not shown 
this increased hemorrhage risk [119, 123, 124]. 
The risks and controversy associated with micro-
electrode recording are not unique to treatment of 
dystonia and are covered elsewhere in this text. 
One postoperative consideration particular to 
dystonia is status dystonicus, an acute exacerba-
tion of dystonic symptoms that can be triggered 
by the changes in therapy, infection, or dehydra-
tion that can occur in a postoperative setting. 
Status dystonicus can be severe, leading to life-
threatening issues including autonomic instabil-
ity, respiratory compromise, rhabdomyolysis, or 
acute renal failure [125–127]. Management of 
status dystonicus largely consists of supportive 
medical care, including careful observation in a 
critical care unit, hydration, benzodiazepines, 
and antipyretics [125–127].

Fig. 22.4 Bilateral ClearPoint navigation towers
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 Hardware-Related Complications
Long-term complications after deep brain stimu-
lation primarily consist of hardware-related com-
plications, including infection, wound 
breakdown, lead migration, lead fracture, 
implanted pulse generator (IPG) malfunction, 
and tethering or pain. These issues can arise even 
years after initial surgery. The most common 
complication from DBS is infection [105, 108, 
110–113, 115, 116, 128–133]. Infection, either 
shortly after surgery or many years later, occurs 
in up to 15.2% of patients, with systemic analysis 
of multiple trials showing average of approxi-
mately 5–6% [105, 108, 110–113, 115, 116, 128–
133]. The most common site for infections 
appears to be the implanted pulse generator (IPG) 
site [105, 111, 112, 116, 123, 128, 134]. Though 
infection often necessitates removal of the entire 
DBS system, superficial infections confined to 
the implanted pulse generator (IPG) pocket may 
be amenable to management with antibiotics or 
removal of the IPG and connections alone [133–
135]. In up to 50% of patients treated conserva-
tively, the DBS leads can be preserved [111, 112, 
133–135]. Severe infections, or those that have 
failed conservative management, should be 
treated with removal of the entire DBS system, 
followed by antibiotic treatment for several 
months prior to consideration of reimplantation. 
Other hardware-related complications, such as 
lead fracture or other hardware failure, can result 
in abrupt cessation of therapy delivery. If lead 
fracture or failure is suspected, initial evaluation 
consists of interrogating the DBS device to check 
impedance and current and performing x-ray 
imaging to assess for hardware disconnection 
[136]. Patients with dystonia seem to have a 
slightly higher rate of lead fracture compared to 
other movement disorders, with up to 5.6% of 
patients experiencing lead fracture [105, 111, 
128, 130, 137, 138]. Dystonic postures of the 
neck place tension on the extension cabling and 
may explain this higher rate of lead fracture [105, 
111, 128, 130, 137, 138].

 Stimulation Side Effects
DBS, even with a well-placed lead, can be associ-
ated with neurological side effects related to ana-

tomical regions adjacent to the target chosen. 
Patients with dystonia seem to tolerate GPi DBS 
well, with a low incidence of stimulation-induced 
side effects [139–141]. The most common stimu-
lation side effect in dystonia seems to be dysar-
thria, which occurs in 4–11% of cases [113, 128, 
142]. Though programming can improve or 
reverse dysarthria, some patients may have persis-
tent symptoms [113, 128, 142]. The GPi is also 
associated with bradykinesia, and “freezing” of 
gait, with varying degrees of severity [129, 143–
145]. The incidence of bradykinesia is difficult to 
assess, as there is some indication of slowed 
motor responses even in patients who do not 
report symptomatic bradykinesia [73, 146]. There 
does not seem to be a significant risk of cognitive 
decline or depression after GPi DBS [139–141].

 Outcomes

 Primary Generalized Dystonia

Primary, generalized, dystonia is the most stud-
ied among dystonia subtypes. There is a sugges-
tion that genetically characterized primary 
dystonia (such as DYT1) may be particularly 
responsive to DBS [130]. Early case series of 
bilateral GPi implantation showed BFMDRS 
motor score improvements between 22% and 
86% over follow-up periods of up to 66 months 
[84, 147–152]. These encouraging results 
prompted several prospective, controlled trials of 
GPi DBS in primary generalized dystonia. One 
of the seminal prospective studies of GPi stimu-
lation showed robust, >50% improvements in 
objective motor scores and disabilities domains 
of BMFDRS a year after implantation [72]. 
Randomized, sham-controlled data confirmed 
these results, showing 39.9% improvement in 
BFMDRS motor score after 3 months compared 
to 4.5% for sham stimulation [73]. After a year, 
these patients had a 45% improvement in 
BFMDRS [73]. Another prospective study, per-
formed in 2010, showed comparable 43.8% 
improvement in BFMDRS motor score after a 
year [153]. Long-term follow-up of patients with 
primary generalized dystonia shows that there is 
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progressive benefit from GPi DBS, with a range 
in long-term improvement from preoperative 
baseline (based on BFMDRS motor score) of 
58%–76%, with long-term follow-up ranging 
from 3 to 20 years [113, 130, 131, 154–156].

 Focal Dystonia/Cervical Dystonia

Focal dystonia such as cervical dystonia can also be 
responsive to DBS.  Several retrospective, non- 
blinded series show that patients with cervical dys-
tonia have outcomes comparable to those with 
primary generalized dystonia [74]. Other long-term 
studies demonstrate a wide range of improvements 
in TWSTRS severity scores, with progressive 
improvement in TWSTRS severity, disability, and 
pain scores continuing to improve until 20 months 
postoperative (severity 38% –>  63%, disability 
54% –> 69%, and pain 38% –> 50%) [137, 142, 
157–161]. Long-term follow- up suggests that, like 
primary generalized dystonia, the initial improve-
ment in outcomes persists with 47.6% improvement 
from baseline TWSTRS score after an average 
7.7 years of follow-up [70, 161, 162].

DBS has also been evaluated extensively in 
idiopathic cranio-cervical dystonia (Meige syn-
drome), a segmental dystonia involving the peri-
orbital, facial, bucco-oral, and cervical muscles. 
Meige syndrome is often refractory to pharmaco-
therapy and chemodenervation, the latter often 
limited by adverse effects. Bilateral GPi DBS in 
Meige syndrome has demonstrated efficacy simi-
lar to responses in cervical and generalized dys-
tonia; up to 80% improvement in BFMDRS 
cranial and cervical subscales has been reported 
up to 10  years postimplantation in case reports 
and small case series [163–167]. A recent large- 
scale review, including Meige syndrome treated 
with GPi or STN DBS, showed a mean improve-
ment of 66.9% in motor scales and 56% in dis-
ability scales [168].

 Secondary Dystonia

Though anecdotal evidence suggests many types 
of secondary dystonia improve with DBS, certain 

subtypes of secondary dystonia appear to be par-
ticularly amenable [169]. Of note, the majority of 
evidence supporting the use of DBS in secondary 
dystonia is derived from case reports and case 
series, rather than the blinded, controlled studies, 
so further study is indicated. Patients with intrac-
table and severe tardive dystonia, a disorder of 
involuntary muscle contractions and painful 
spasms as a side effect of dopaminergic antago-
nist medications, seem to show good response to 
DBS, with most patients experiencing approxi-
mately 50–70% improvement in symptoms over 
at least 6  months (based on BFMDRS motor 
score) [69, 76, 170–175]. Cerebral palsy patients 
generally have more modest improvements, with 
results ranging from 23.6% to 49.5% improve-
ment on classical dystonia rating scales [176–
179]. Importantly, the overall improvement in 
quality of life for cerebral palsy patients treated 
with DBS may be significant even in the setting 
of more meager improvement in their dystonia 
rating scales [178, 179].

 DBS Programming and Stimulation 
Parameters

The general guiding principle of DBS program-
ming is to improve motor symptoms and mini-
mize adverse stimulation effects. In patients with 
dystonia, clinical response to changes in DBS 
settings may not be immediately apparent, which 
makes programming particularly challenging, 
and there are currently no set of recommended 
“ideal” DBS settings for dystonia [180–182]. 
Programming in dystonia may require several 
months of continuous stimulation to find optimal 
settings to achieve global dystonia improvement. 
The first postoperative programming is typically 
performed 3–4  weeks after lead placement, 
allowing any microlesional effects to subside, 
and performed with the patient in a medication- 
OFF state allowing the fullest expression of 
physical symptoms. In rare settings, such as dys-
tonic crisis, this programming may be performed 
earlier [126, 180]. On initial programming, each 
lead contact is sequentially activated in a mono-
polar fashion (case as anode, contact as cathode), 
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gradually increasing stimulus intensity, voltage, 
or current amplitude until transient or sustained 
side effects are obtained [183, 184]. Stimulation 
of contacts within the posterolateral GPi, typi-
cally one contact above that which induces phos-
phenes, seems to result in the most motor benefit 
[185–187]. Programming may require many 
adjustments, including bipolar or double monop-
olar configurations, high pulse width [188, 189], 
or frequency modulation [148, 150, 160, 190, 
191]. Dystonia DBS programming highlights 
limitations of open-loop devices and current pro-
gramming approaches. Emerging lines of inquiry 
into optimizing treatment of dystonia include 
modification of the traditional rectangular DBS 
waveform from passive to active charge balanc-
ing [192] and lower-frequency phase-specific 
stimulation [193]. Perhaps most intriguing is that 
a wider appreciation of cerebellar contributions 
to modulating basal ganglia activity opens new 
treatment avenues and novel targets of stimula-
tion [194–198].

 Peripheral Denervation

In patients with cervical dystonia, electromyog-
raphy can be used to guide denervation of selected 
muscles involved in the patient’s dystonia, pro-
viding relief of pain without the need for a per-
manent implanted device or intracranial 
manipulation. In the Bertrand procedure, 
branches of the spinal accessory nerve to the ster-
nocleidomastoid are sectioned, followed by sec-
tioning of the posterior rami of the ipsilateral 
C1–6 roots to eliminate innervation of ipsilateral 
paraspinal muscles [199–201]. This technique 
can improve cervical dystonia symptoms, with a 
reduction on the TWSTRS severity from 22% to 
59% [202–209]. However, there can be signifi-
cant risks of peripheral denervation, including 
dysphagia (which may be transient), troubling 
numbness/paresthesias, and reenervation. Up to 
25% of patients can experience troubling reinner-
vation of the cervical muscles, thought to be a 
result of incomplete denervation of small 
branches from the cervical plexus, with recrudes-
cence of symptoms [203, 205]. Though current 

data suggests that peripheral denervation is likely 
not as effective or durable as DBS in treatment of 
cervical dystonia, select patients may still benefit 
from the procedure [205, 209].

 Pallidotomy

Though DBS is currently the primary surgical 
approach to modulation of the GPi in treatment 
of dystonia, there is interest in other techniques. 
For patients who have medical comorbidities that 
make hardware implantation too risky to con-
sider, patients who require hardware removal due 
to infection, or patients being treated in settings 
where DBS hardware and programming support 
are not available. Radiosurgery began with palli-
dotomies and thalamotomies [210, 211]. Prior to 
the advent of DBS, stereotactic pallidotomy, per-
formed with radiofrequency ablation to create 
lesions, showed promising results in dystonia 
[212, 213]. With bilateral stereotactic pallidot-
omy in dystonia, case reports and small case 
series suggest improvements of an average of 
60% in BFMDRS score in primary dystonia, with 
more mixed and marginal results in secondary 
dystonia [152, 214–216]. With the advent of 
DBS, pallidotomy fell out of favor. Recently, pal-
lidal lesioning has regained some interest as a 
salvage procedure. There are new techniques 
 proposed to perform stereotactic pallidotomy. 
Some studies suggest radiofrequency ablation 
can be performed through DBS leads in the pal-
lidum, ideal for a patient with an infection who 
must have their DBS system removed [217]. 
Stereotactic radiosurgery, an incision-free 
approach, has also been used to create pallidal 
lesions, though the lesions are not as consistent 
and the results appear to be inferior to those of 
DBS [218–220]. Laser interstitial therapy (LITT), 
in which a laser fiber is passed through a burr 
hole and an ablation trajectory can be defined, 
has also been used anecdotally for pallidotomy 
[221]. Finally, MRI-guided focused ultrasound 
has been used for treatment of essential tremor 
[222] with low complication rates and may be an 
option for pallidotomy in the future. Though 
there is no current procedure that can supplant 
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deep brain stimulation, these new applications 
and methods of deep brain stimulation will con-
tinue to be an active area of investigation.

 Conclusion

In this chapter, we have provided an overview of 
clinical features of patients with dystonia, who 
are a heterogenous group of patients with varied 
responses to treatment. We have provided an 
overview of preoperative assessment and out-
lined surgical treatment with deep brain stimula-
tion. We have shown that DBS can be used to 
treat dystonia with good outcomes for a variety 
of patients. As in other disorders, there are mul-
tiple methods of performing DBS in dystonia. 
DBS patients require careful follow-up and an 
experienced programming clinician. Other surgi-
cal methods with peripheral denervation or palli-
dal ablation are areas of continued exploration 
and research.
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Epilepsy: Invasive Monitoring

Jorge Gonzalez-Martinez

 Introduction

As originally defined, the main goal of epilepsy 
surgery is the complete surgical treatment 
(including resections, disconnections, laser abla-
tion, or neuromodulation) of the cortical and sub-
cortical areas responsible for the initial epileptic 
activity generation and early spread of seizures. 
For some, this area is defined as the epileptogenic 
zone. At times, the epileptogenic zone (EZ) may 
overlap with functional cortical and subcortical 
areas. In order to define the anatomical location 
of the EZ and its proximity with possible cortical 
and subcortical eloquent areas, a range of nonin-
vasive/less invasive tools are currently available: 
analysis of seizure semiology through video- 
scalp electroencephalographic recordings (ictal 
and interictal recordings), neuropsychological 
testing, magnetoencephalography (MEG), and 
MRI [1–3]. Particularly, neuroimaging tech-
niques may provide functional (ictal single- 
photon emission computed tomography [SPECT] 
and fMRI) as well as metabolic (magnetic reso-
nance spectroscopy [MRS] and positron emis-
sion tomography [PET]) information. These 
methods are usually complementary and may 
define cortical zones of interest as the symptom-

atogenic, irritative, ictal, and functional deficit 
zones, in addition to the EZ [4]. When (a) the 
noninvasive data is insufficient to precisely define 
the location of the hypothetical EZ, when (b) 
there is suspicion for early involvement of elo-
quent cortical and subcortical areas, or when (c) 
there is the possibility for multifocal seizures, 
invasive monitoring may be indicated [5, 6].

 Localizing the Epileptogenic Zone

In most cases of focal medically intractable epi-
lepsy, data generated from noninvasive EEG 
recordings and other electrophysiologic/neuroim-
aging techniques are sufficient to approximate the 
location of the EZ [7–14]. Prolonged video- scalp 
EEG monitoring, in conjunction with analysis of 
clinical semiology, remains the gold standard for 
diagnosis and localization of epileptogenic zone 
[2]. This noninvasive sampling technique gives an 
excellent overview of the location and extent of the 
epileptogenic areas but quite often only approxi-
mates the boundaries of both the irritative and 
EZ. Scalp EEG detects only epileptiform activity 
that results from EEG synchronization of large 
areas of the cortex, estimated in some studies to be 
between 6 and 8 cm2, and recordings are disturbed 
by the smearing effect of bone and other high-resis-
tance structures (e.g., meninges and scalp) between 
the cortical generators and the recording electrodes. 
MEG may overcome some of these problems, with 
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better identification of the epileptic activity local-
ized in a tangential orientation (as the interhemi-
spheric fissure, opercular areas, etc.) but still 
providing limited information regarding the inter-
ictal epileptic activity [15, 16]. In specific patho-
logical groups as malformation of cortical 
development (MCD), between 85% and 100% of 
patients with MCD exhibit epileptiform discharges 
on interictal scalp EEG recordings ranging from 
lobar to lateralized, nonlocalizing to diffuse 
(including generalized spike-wave patterns in some 
cases of subependymal heterotopia) [17]. The spa-
tial distribution of interictal spikes is usually more 
extensive than the structural abnormality as 
assessed by intraoperative inspection or MRI visual 
analysis [17]. For these reasons, when subtle forms 
of cortical dysplasia are suspected as the pathologi-
cal subtract of medically intractable epilepsy, 
mainly in patients with extra-temporal epilepsy and 
non-lesional imaging, extra-operative monitoring 
is indicated [18–24].

 Localization of the Functional/
Eloquent Zone

Localization of functional areas in the brain and 
the anatomical boundaries of these areas with 
the EZ is an essential part in the process of 
developing an adequate and individualized sur-
gical strategy [8, 20, 25–29]. In the particular 
example of patients with MCD associated with 
medically intractable epilepsy, because most of 
the pathological subtract are often localized in 
the frontal lobe (therefore in potentially eloquent 
cortex), an understanding of the functional status 
of the involved region(s) and its anatomical and 
pathological correlations are essential [1, 2, 30]. 
In the past, some group assessed the functional 
status (identified by direct cortical electrical 
stimulation) of focal MCD and its relationship 
with imaging and in situ electrocorticographic 
(ECoG) characteristics in patients who under-
went focal neocortical resection for medically 
intractable epilepsy [31, 32]. Some focal MCD 
lesions characterized by significant FLAIR sig-
nal increase on MRI and located in anatomically 
functional areas (e.g., primary motor, Broca 
area) are not functional on direct electrical stim-

ulation, and the same lesions showed no evi-
dence of intrinsic epileptogenicity as assessed 
through mapping of the ictal onset zones. On the 
other hand, MCD lesions with mild or no FLAIR 
signal increase were functional and at times epi-
leptogenic. These results agree with previous 
observations that eloquent function persisted in 
MCD devoid of balloon cells [33]. Similar ECoG 
patterns were reported in patients with low-grade 
glial tumors (e.g., dysembryoplastic neuroepi-
thelial tumor and ganglioglioma), whereas dys-
plastic and epileptic cortical areas were found 
immediately surrounding these lesions. 
Functional cortex may therefore be displaced 
within the same hemisphere and have direct 
implications on the options for epilepsy surgery. 
Therefore, the precise anatomical location of 
eloquent cortex located in the vicinity or within 
the limits of the hypothetical EZ is essential 
information that will guide the surgeon in per-
forming a safe and efficient surgical strategy, 
which has, as ultimate goal, a sustained seizure 
control status with no neurological deficits.

 The Subdural Grid Method

Chronic intracranial recordings were initially 
reported in 1939 when Penfield and colleagues 
from the Montreal Neurological Institute used 
epidural single contact electrodes in a patient 
with an old left temporal-parietal fracture and 
whose pneumoencephalography disclosed dif-
fuse cerebral atrophy. Subsequently, the use of 
subdural grid arrays became more popular after 
multiple publications during the 1980s demon-
strated their safety and efficacy [34]. Before that 
time most invasive techniques involved epidural 
electrodes or intraoperative recordings.

The most common indications for intracranial 
electrodes include lateralization or localization of 
epilepsy and localization of functional/eloquent 
cortical information. Preoperative noninvasive 
studies and semiology often suggest focal epi-
lepsy, but scalp electroencephalography is unable 
to adequately localize or lateralize the 
 epileptogenic zone. Subdural grids have particu-
lar advantages in relation to other methods of 
invasive monitoring. Grids can be placed chroni-
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cally, during relative long periods of time 
(1–2  weeks in average), long enough to record 
both spontaneous seizures and interictal activity 
during various stages of arousal. In addition, grids 
and strips, due to the close proximity and continu-
ity of the electrical contacts, have applicability for 
mapping of cerebral function extra-operatively. 
These characteristics allow tailored cortical resec-
tions around areas of higher function while mini-
mizing the risk of permanent neurological 
deterioration. Extra-operative mapping with the 
subdural method has the main advantage of allow-
ing an optimal coverage of the subdural space 
adjacent cortex with adequate and continuous 
superficial functional mapping capabilities [5].

Intraoperative ECoG, as compared with 
chronically implanted subdural grids, is a limited 
option because it only provides information 
restricted to interictal activity. When applied in 
patients under general anesthesia, it is believed 
that anesthetic agents may influence EEG activ-
ity by altering the thresholds of afterdischarges 
and motor responses creating a misleading elec-
troencephalographic picture. Additionally, intra-
operative functional mapping often requires a 
cooperative patient that can tolerate being awake 
during surgery under local anesthesia. This is 
particularly difficult in the pediatric population.

Subdural grids have considerable disadvan-
tages in relation to other methods of invasive mon-
itoring, including surgical risks, financial costs, 
and limitations in the ability to access deep corti-
cal regions. Because foreign bodies are inserted 
into the cranial vault, the risks of the procedure 
include wound infection, flap osteomyelitis, acute 
meningitis, cerebral edema, and hemorrhage. 
Concerns about increased intracranial pressure 
may reduce the maximal number of electrodes that 
can be inserted and therefore produce incomplete 
epileptic mapping from large cortical areas. Other 
limitations may include the anatomic location of 
the proposed area of sampling (e.g., mesial orbito-
frontal, anterior cingulate gyrus) and “re-do” sur-
geries with cortical adhesions. Other limitations of 
subdural grid implantation are the number of 
available channels for recording with the EEG sys-
tem in the hospital. Some systems can handle only 
64 channels unlike other systems, which can 
record up to 200 channels, thus allowing the 

implantation of more electrodes over wider corti-
cal areas. Despite this, only limited coverage of 
cortical regions can be sampled, and preoperative 
surgical planning is necessary to maximize the 
chances of covering the ictal onset zone with the 
electrodes. One of the main disadvantages of the 
subdural methodology is the challenge of explor-
ing deep cortical areas, as the depths of sulci, oper-
cular, interhemispheric, mesial temporal structures 
and insula [35–38]. Depth electrodes implanted 
using a non- or semi-stereotactic technique can 
partially compensate these deficiencies.

 The Subdural Technique

Subdural electrodes (stainless steel or magnetic 
resonance-compatible platinum), embedded in 
strips or grids of polyurethane or other synthetic 
materials, are implanted over the suspected epi-
leptogenic or functional dysplastic regions 
(Fig.  23.1). Variability in shape and size of the 
electrodes permits tailoring their use to the spe-
cific clinical situation. Custom-designed arrays of 
subdural electrodes have been configured for 
placement in specific anatomical locations. For 
example, to record from interhemispheric brain 
regions, rows of electrodes arranged in curvilinear 
fashion were designed to follow the curvature of 
the corpus callosum. Subdural grids are inserted 
through either open craniotomy incisions or burr 
holes and registered stereotactically for extra-
operative mapping. The cortical covering may 
extend beyond the visualized cortical area, as 
grids may be slid over the edges of the craniotomy 
to cover adjacent areas for better ECoG or func-
tional sampling. Besides the ECoG recordings 
and direct electrical stimulation studies, grids can 
be used to record somatosensory evoked poten-
tials after stimulation of the trigeminal (lip) or 
median nerves for central sulcus localization.

All patients that are offered subdural grid 
electrode implantation for monitoring have previ-
ously undergone the standard preoperative evalu-
ation. Decision for invasive monitoring is made 
during a multidisciplinary meeting, including 
neurologists, neurosurgeons, neuroradiologists, 
and neuropsychologists. Areas of coverage are 
determined based on preoperative noninvasive 
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studies including scalp EEG, ictal SPECT, PET, 
MEG, and, at times, sphenoidal electrodes. 
Incision and craniotomy should allow for place-
ment of electrodes in addition to the anticipated 
area of resection. Positioning of the patient 
should allow for stereotactic guidance in the 
event that depth electrodes are to be placed dur-
ing the same operation. As part of our surgical 
protocol, perioperatively antibiotics, dexametha-
sone, and mannitol (0.25  g/kg) are given. The 
incision should be large enough to allow for a siz-
able craniotomy. Usually a T-shaped or large 
question mark incision is used. If basal temporal 
coverage is needed, the incision should extend 
down to the zygoma. Orbitofrontal coverage can 
be easily achieved as long as the incision allows 
for visualizing the key hole and turning a flap just 
above this level. Interhemispheric coverage 
necessitates an incision to midline. In order to 
facilitate placement of electrodes, the basal and 
mesial surfaces should be carefully inspected for 
cortical draining veins that will impede place-
ment of electrodes. Using bayoneted forceps and 
under a constant stream of irrigation, the grid 
electrodes can be slid into place. Any resistance 
likely indicates blockage from a draining vein 
and the trajectory of the array should be adjusted.

Prior to covering lateral cortex, the depth elec-
trodes are inserted using stereotactic guidance. 
The entry point should be in the middle of a 
gyrus, avoiding sulci, with a trajectory that is as 
perpendicular to the cortical surface as possible. 
The parenchyma serves to anchor the electrode in 
place. Using the wand to find the trajectory from 
the entry point, the pial surface is incised and the 
electrode inserted. Once the depth electrodes are 
in place, the grids for lateral coverage can be 
inserted. Again using bayoneted forceps, the 
larger grid electrodes are laid over the cortical 
surface, tucking the edges under the borders of 
the dural flap. Once in place, each electrode wire 
is secured to the nearest dural edge with a stitch. 
The remaining closure is performed using stan-
dard neurosurgical technique.

 The Stereoelectroencephalography 
Method

The SEEG method was developed and popular-
ized in France by Jean Talairach and Jean Bancaud 
during the 1950s and has been mostly used in 
France and Italy, as the method of choice for inva-
sive mapping in refractory focal epilepsy [8, 26, 27]. 

Fig. 23.1 Intraoperative 
aspect of subdural grid 
implantation in patient 
with extra-temporal 
epilepsy and non- 
lesional MRI. The 
picture shows a large 
right side temporal- 
parietal occipital 
craniotomy with 
placement of large 8X8 
subdural grid at the 
dorsal-lateral convexity 
of the posterior quadrant 
region and multiple 
strips in the 
subtemporal, frontal, 
and mesial occipital 
areas
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The principle of SEEG is based on anatomo-elec-
tro-clinical correlations, which takes as the main 
principle the three-dimensional spatial-temporal 
organization of the epileptic discharge within the 
brain in correlation with seizure semiology, and 
the exploration of the epileptic organization with 
in situ depth recordings. The implantation strategy 
is individualized, with electrode placement based 
on a preimplantation hypothesis that takes into 
consideration the primary organization of the epi-
leptiform activity and the hypothetical epileptic 
network involved in the propagation of seizures. 
For these reasons, the preimplantation hypothesis 
has a paramount importance in the strategic place-
ment of the electrodes. If the preimplantation 
hypothesis is incorrect, the placement of the depth 
electrodes will be likely inadequate and the inter-
pretation of the SEEG recordings misleading. 
According to several European and recent North-
American reports, SEEG methodology enables 
precise recordings from deep cortical and subcor-
tical structures, multiple noncontiguous lobes, as 
well as bilateral explorations while avoiding the 
need for large craniotomies [18–24].

The SEEG methodology was originally 
described as a multiphase and complex method, 
using the Talairach stereotactic frame and the dou-
ble grid system in association with teleangiogra-
phy. Despite its long reported successful record, 
with almost 60 years of clinical use, the technical 
complexity regarding the placement of SEEG 
depth electrodes may have contributed to the lim-
ited widespread application of the technique in 
centers outside Europe. Taking advantage of new 
radiological, computational, and robotic innova-
tions, now commonly available in many surgical 
centers, more modern and less cumbersome meth-
ods of stereotactic implantation of SEEG depth 
electrodes can be applied in routine basis.

In addition to the general indications for inva-
sive monitoring, specific indications can be con-
sidered to choose SEEG in detriment to other 
methods of invasive monitoring. These criteria 
included:

 1. The possibility of a deep-seated or difficult to 
cover location of the EZ in areas such as the 
mesial structures of the temporal lobe, oper-
cular areas, cingulate gyrus, interhemispheric 

regions, posterior orbitofrontal areas, and 
insula and depths of sulci.

 2. A failure of a previous subdural invasive study 
to clearly outline the exact location of the sei-
zure onset zone.

 3. The need for extensive bi-hemispheric 
explorations.

 4. Presurgical evaluation suggestive of a func-
tional network involvement (e.g., limbic sys-
tem) in the setting of normal MRI.

 5. Need for better definition of the EZ in possi-
ble candidates for responsive nerve stimula-
tion (RNS).

The SEEG methodology has the advantages of 
allowing extensive and precise deep brain record-
ings and stimulations with minimal associated 
morbidity. In reoperations, mainly in patients 
who underwent a previous subdural evaluation, 
possibilities are that the majority of these patients 
failed epilepsy surgery because of difficulties in 
accurately localizing the EZ. These patients pose 
a significant dilemma for further management, 
having relatively few options available. Further 
open subdural grid evaluations may carry the 
risks associated with encountering scar forma-
tions and still having limitations related to deep 
cortical structure recordings. A subsequent evalu-
ation using the SEEG method may overcome 
these limitations, offering an additional opportu-
nity for seizure localization and sustained seizure 
freedom. The main disadvantage of the SEEG 
method is the more restricted capability for per-
forming functional mapping. Due to limited 
number of contacts located in the superficial cor-
tex, a contiguous mapping of eloquent brain areas 
cannot be obtained as in the subdural method 
mapping. In order to overcome this relative dis-
advantage, the functional mapping information 
extracted from the SEEG method is frequently 
complemented with other methods of mapping, 
as DTI images or awake craniotomies.

 Technique of SEEG Implantation: 
Frame-Based Implantation

The development of an SEEG implantation plan 
requires the clear formulation of a specific 
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anatomo-electro-functional hypothesis to be 
tested. This hypothesis is typically generated dur-
ing the patient management conference and is 
based on the results of the various noninvasive 
evaluation tests. In this decision-making process, 
the respective significance of presurgical evalua-
tion testing may vary greatly, depending on each 
patient. After an anatomical and functional local-
izing hypothesis is formulated, a tailored implan-
tation strategy is planned, with the goal of 
confirming or rejecting the preimplantation 
hypothesis. In this phase, the exploration is 
focused to sample the anatomic lesion (if pres-
ent), the more likely structure(s) of ictal onset, 
and the possible pathway(s) of propagation of the 
seizures (functional networks). The desired tar-
gets are reached using commercially available 
depth electrodes in various lengths and number 
of contacts, depending on the specific brain 
region to be explored. The electrodes are 
implanted using conventional stereotactic tech-
nique through small and precisely placed 2.5 mm 
diameter drill holes. Depth electrodes are inserted 
using orthogonal or oblique orientation, allowing 
intracranial recording from lateral, intermediate, 
or deep cortical and subcortical structures in a 
three-dimensional arrangement, thus accounting 
for the dynamic, multidirectional spatiotemporal 
organization of the epileptic pathways.

The day before surgery, a stereo contrasted 
volumetric T1 sequence MRI is performed. 
Images are then transferred to our stereotactic 
neuronavigation software where trajectories are 
calculated the following day. The day of surgery, 
while the patient is under general anesthesia, the 
stereotactic frame is applied using standard tech-
nique. Once the patient is attached to the angiog-
raphy table with the frame, a stereo-dyna CT and 
a 3D digital subtracted angiogram (DSA) are per-
formed. The preoperative MR images and the 
stereo-dyna CT and angiographic images are 
then digitally processed using dedicated fusion 
software (syngo XWP, Siemens Healthcare, 
Forchheim, Germany). These fused images are 
used during the implantation procedure to con-
firm the accuracy of the final position of each 
electrode and to insure the absence of vascular 
structures along the electrode pathway, which 

weren’t previously noted with the contrasted 
MRI. Following the planning phase using the ste-
reotactic software, trajectories’ coordinates are 
recorded and transmitted to the operating room. 
Trajectories are in general planned in orthogonal 
orientation in relation to the skull’s sagittal plane 
in order to facilitate implantation and later on 
interpretation of the electrode positions. Using 
the stereotactic system, coordinates for each tra-
jectory are then adjusted in the stereotactic frame, 
and a fluoroscopic image, in lateral view, is per-
formed in each new position. Care is taken to 
assure that the central beam of radiation during 
fluoroscopy is centered in the middle of the 
implantation probe in order to avoid parallax 
errors. If the trajectory is aligned correctly, cor-
responding to the planned trajectory and passing 
along an avascular space, the implantation is then 
continued, with skull perforation, dura opening, 
placement of the guiding bolt, and final insertion 
of the electrode under fluoroscopic guidance. If a 
vessel is recognized along the pathway during 
fluoroscopy, the guiding tube is manually moved 
a few millimeters until the next avascular space is 
recognized and implantation is then continued. 
The electrode insertion progress is observed 
under live fluoroscopic control in a frontal view 
to confirm the straight trajectory of each elec-
trode. For additional guidance a coronal MRI 
slice corresponding to the level of each electrode 
implantation is overlaid to the fluoroscopic 
image. A postimplantation dyna-CT scan is per-
formed while the patient is still anesthetized and 
positioned in the operating table. The recon-
structed images are then fused with the MRI 
dataset using the previously described fusion 
software. The resulting merged datasets are dis-
played and reviewed in axial, sagittal, and coro-
nal planes allowing the verification of the correct 
placement of the electrodes [18–24].

After surgery, patients are transferred to the 
epilepsy monitoring unit (EMU). The duration of 
admission at the epilepsy monitoring unit varies 
from patient to patient, depending on several fac-
tors including number, quality, and ictal and inter-
ictal patterns of recordings. The average length of 
stay of patients in the EMU who underwent SEEG 
implantation is 7 days (range from 3 to 28 days). 
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After obtaining the necessary information, elec-
trodes are removed in the operating room, in a 
procedure performed under local anesthesia and 
sedation. Patients are discharged next morning, 
and resective surgery is scheduled 2–3  months 
following SEEG electrodes removal (Fig. 23.2).

 Robotic-Based Implantation

The day prior to surgery, volumetric preoperative 
MRIs with contrast are obtained. DICOM format 
images are then digitally transferred to robotic 
system native planning software. Three- 
dimensional volumetric reconstructions are then 
created (axial, coronal, and sagittal), reformatted 
based on the topographic location of the AC-PC 
line. Individual trajectories are planned within 
the 3D imaging reconstruction according to pre-
determined target locations and intended trajec-
tories. Trajectories are selected to maximize 
sampling from superficial and deep cortical and 
subcortical areas within the preselected zones of 
interest and are oriented orthogonally in the 
majority of cases to facilitate the anatomo- 
electrophysiological correlation during the extra- 
operative recording phase and to avoid possible 
trajectories shifts due to excessive angled entry 

points. Nevertheless, when multiple targets are 
potentially accessible via a single non-orthogonal 
trajectory, these multi-target trajectories are 
selected in order to minimize the number of 
implanted electrodes per patient.

All trajectories are evaluated for safety and 
target accuracy in their individual reconstructed 
planes (axial, sagittal, coronal) and also along the 
reconstructed “probe’s eye view.” Any trajectory 
that appeared to compromise vascular structures 
is adjusted appropriately without affecting the 
sampling from areas of interest. A set working 
distance of 150 mm from the drilling platform to 
the target is initially utilized for each trajectory, 
adjusted later to maximally reduce the working 
distance and, consequently, improve the implan-
tation accuracy. The overall implantation sche-
mas are analyzed using the 3D cranial 
reconstruction capabilities, and internal trajecto-
ries are checked to ensure that no trajectory colli-
sions are present. External trajectory positions 
are examined for any entry sites that would be 
prohibitively close (less than 1.5 cm distance) at 
the skin level.

On the day of surgery, patients are placed 
under general anesthesia. For each patient, the 
head is placed into a three-point fixation head 
holder. The robot is then positioned such that the 

Fig. 23.2 Frame-based 
SEEG method. Picture 
showing the SEEG 
implantation technique 
using the Leksell frame 
and lateral implantation 
device. The figure 
depicts the adjustments 
of Y and Z coordinates 
in a Leksell stereotactic 
frame system
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working distance (distance between the base of 
the robotic arm and the midpoint of the cranium) 
is approximately 70 cm. The robot is locked into 
position, and the head holder device is secured to 
the robot. No additional position adjustments are 
made to the operating table during the implanta-
tion procedure. After positioning and securing 
the patient to the robot, image registrations are 
performed. Semiautomatic laser-based facial rec-
ognition is utilized to register the preoperative 
volumetric MRI with the patient. The laser is first 
calibrated using a set distance calibration tool. 
Preset anatomical facial landmarks are then man-
ually selected with the laser. The areas defined by 
the manually entered anatomic landmarks subse-
quently undergo automatic registration using 
laser-based facial surface scanning. Accuracy of 
the registration process is then confirmed by cor-
relating additional independently chosen surface 
landmarks with the registered MRI.  After suc-
cessful registration, the planned trajectories 
accessibilities are automatically verified by the 
robot software.

The patients are then prepped and draped in a 
standard sterile fashion. The robotic working arm 
is also draped with a sterile plastic cover. A drill-
ing platform, with a 2.5  mm diameter working 

cannula, is secured to the robotic arm. The 
desired trajectories are selected on the touch 
screen interface. After trajectory confirmation, 
the arm movement is initiated through the use of 
a foot pedal. The robotic arm automatically locks 
the drilling platform into a stable position once 
reaching the calculated position for the selected 
trajectory. A 2  mm diameter handheld drill is 
introduced through the platform and used to cre-
ate a pinhole. Dura is then opened with an insu-
lated dural perforator using monopolar cautery at 
low settings. A guiding bolt (Ad-Tech, Racine, 
WI, USA) is screwed firmly into each pinhole. 
The distance from drilling platform to the retain-
ing bolt is measured. This value is subtracted 
from the standardized 150 mm platform to target 
distance. The resulting difference is recorded for 
later use as the final length of the electrode to be 
implanted. This process is repeated for each tra-
jectory. All pinholes and retaining bolts are 
placed prior to beginning electrode insertion. A 
small stylet (2 mm in diameter) is then set to the 
previously recorded electrode distance. The sty-
let is passed gently into the parenchyma, guided 
by the implantation bolt, followed immediately 
by the insertion of the pre-measured electrode 
(Fig. 23.3).

Fig. 23.3 Robotic-based SEEG method. Picture showing the SEEG implantation technique using a robotic assistant 
device
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After implantation of all electrodes, the 
patient is removed from the fixation device. The 
head is positioned into a soft foam head holder 
on a radiolucent table. Fluoroscopy is then uti-
lized in the AP plane to confirm the general 
accuracy of implanted electrode trajectories. A 
postimplantation volumetric CT of the brain 
without contrast, with 1  mm cuts, is obtained. 
Following SEEG implantation, patients are sub-
jected to clinical monitoring and electrographic 
recording of all seizure events in the EMU.  A 
second patient management conference is then 
held, approximately 1 week after implantation, 
to discuss the results and implications of the 
SEEG study and to collectively decide upon a 
plan for surgical resection. Subsequent to this 
meeting and approximately 6  weeks following 
removal of the SEEG electrodes, patients 
undergo a standard craniotomy for tailored 
resection of the hypothetical epileptogenic zone. 
Following recovery and discharge from hospital, 
all patients are followed up with regular visits 
(6 weeks, 6 months, and every year after resec-
tion) to document their seizure outcomes and 
possible late complications.

 Conclusions

The goals of invasive monitoring in refractory 
focal epilepsy may include (1) the need for better 
anatomical delineation of the hypothetical epi-
leptogenic zone and (2) the need for the defini-
tion of cortical and subcortical functional brain 
areas. Extra-operative mapping with the subdural 
method (which here includes subdural grids and 
strips) has the advantage of allowing an optimal 
coverage of the subdural space adjacent cortex 
with adequate and continuous superficial func-
tional mapping capabilities. In addition, from a 
surgical perspective, subdural implantations are 
open procedures, with better management of pos-
sible intracranial hemorrhagic complications. 
The disadvantages of the subdural method are 
related to the incapacity of recording and stimu-
lating from deep cortical and subcortical areas, as 
the insula, posterior orbitofrontal, cingulate 
gyrus, depths of sulci, etc. In these scenarios, the 

SEEG methodology may be considered as a more 
efficient and safer option. SEEG has the advan-
tages of allowing extensive and precise deep 
brain recordings and stimulations with minimal 
associated morbidity.
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Abbreviations

AChA Anterior choroidal artery
AED Antiepileptic drug
ANT Anterior nucleus of the thalamus
ATL Anterior temporal lobectomy
C Caudate
CSF Cerebrospinal fluid
DBS Deep brain stimulation
EEG Electroencephalogram
EMU Epilepsy monitoring unit
FDG Fludeoxyglucose
HMPAO Hexamethylpropyleneamine oxime
IC Internal capsule
ITG Inferior temporal gyrus
LITT Laser interstitial thermal therapy
MEG Magnetoencephalography
MTLE Mesial temporal lobe epilepsy
MTG Middle temporal gyrus
OT Optic tract
P Putamen
PCA Posterior cerebral artery
PET Positron emission tomography
PHG Parahippocampal gyrus
RNS Responsive neurostimulation
SAHC Selective amygdalohippocampectomy
sEEG Stereoelectroencephalography

SLAH Stereotactic laser 
amygdalohippocampotomy

SOZ Seizure onset zone
SPECT Single-photon emission computerized 

tomography
SRS Stereotactic radiosurgery
STG Superior temporal gyrus
SUB Subiculum
Tc-99m Technetium-99m
THLV Temporal horn of the lateral ventricle
VNS Vagus nerve stimulation

 Introduction

Mesial temporal lobe epilepsy (MTLE) is a com-
mon, well-defined focal epilepsy syndrome. The 
surgical evaluation and treatment of patients 
with MTLE is also the most extensively studied 
among focal epilepsy syndromes. Epilepsy 
affects roughly 1% of the population, and more 
than 30% of patients with epilepsy have drug-
resistant (used interchangeably with medically 
refractory) epilepsy [1–3]. The International 
League Against Epilepsy (ILAE) defines drug-
resistant epilepsy as failure of adequate trials of 
two tolerated and appropriately chosen and used 
antiepileptic drug schedules (whether as mono-
therapies or in combination) to achieve sustained 
seizure freedom [4]. Of patients with drug-resis-
tant epilepsy, roughly 25% are candidates for 
surgical intervention.
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Epilepsy surgery has a long history, with the 
earliest report from Dudley in the early nineteenth 
century [5, 6]. However the superiority of surgical 
resection over continued medical management in 
properly selected patients with drug- resistant 
MTLE was only rigorously confirmed in 2001 
when Wiebe and colleagues showed 64% freedom 
from disabling seizures after anterior temporal 
lobectomy (ATL) compared to only 8% rate with 
continued medical management [7]. Since that 
time, epilepsy surgery has become  significantly 
more accepted, leading to advances in patient 
selection, surgical technique, and technological 
innovation. Despite these advances, the surgical 
treatment of epilepsy remains underutilized [8]. 
Surgical treatment of epilepsy is also more cost-
effective compared to continued medial manage-
ment. While surgery requires a large upfront cost, 
recurring costs from seizures poorly controlled 
with medical management build up over time and 
outrun the cost of surgery within 5–10 years [9–
11]. Not only is the cost of epilepsy surgery less 
than the combined costs of a lifetime of disability 
from seizures, but many patients continue to suf-
fer from disabling seizures that could be cured or 
greatly reduced with surgery. Epilepsy surgery 
requires an interdisciplinary team of neurologists, 
neurosurgeons, radiologists, and neuropsycholo-
gists. This chapter outlines perspectives from 
many of these parties, reviewing the pathophysi-
ology of MTLE, patient presentation, presurgical 
evaluation, and evolution of the modern surgical 
options used to treat MTLE. We also present strat-
egies for preventing harm and achieving maximal 
efficacy with surgery for patients undergoing 
MTLE surgery.

 The Mesial Temporal Lobe 
and Mesial Temporal Lobe Epilepsy 
(MTLE)

Mesial temporal sclerosis (MTS), classically 
referred to as Ammon’s horn sclerosis, is the most 
common pathology underlying mesial temporal 
lobe epilepsy, accounting for 50–60% of MTLE 
cases. Low-grade tumors contribute an additional 
20–30% of MTLE cases, and other etiologies 
including vascular malformations, neuronal loss, 

or other patterns of gliosis account for the remain-
ing 10–20% [12, 13]. The most common tumors 
leading to mesial temporal lobe epilepsy include 
ganglioglioma (40%), dysembryoplastic neuro-
epithelial tumor (DNET) (20%), and diffuse low-
grade glioma (20%). Less common tumors 
include pilocytic astrocytoma and pleomorphic 
xanthoastrocytoma [14].

Radiographically, hippocampal sclerosis is 
exhibited by increased T2 fluid-attenuated inver-
sion recovery (FLAIR) signal in the hippocampus, 
loss of hippocampal architecture, and sclerosis of 
the hippocampus (Fig. 24.1). Atrophy of the ipsi-
lateral fornix can also be frequently seen. Histology 
shows neuronal cell loss with chronic astrogliosis. 
Gliosis is accompanied by a loss of pyramidal neu-
rons and granule cell dispersion.

The mechanism by which hippocampal sclero-
sis leads to epilepsy is poorly understood. 
Hippocampal sclerosis is an acquired lesion, often 
associated with prolonged febrile seizures in 
childhood. After significant sclerosis, the hippo-
campus and surrounding mesial temporal struc-
tures can become independent seizure foci capable 
of generating epileptiform discharges that can 
spread, manifesting as mesial temporal epilepsy.

Fig. 24.1 Right mesial temporal sclerosis. T2-weighted 
coronal image through the bilateral hippocampi illustrates 
classic findings of mesial temporal sclerosis. Note the scle-
rotic right hippocampus with loss of internal architecture 
(white arrow). The right hippocampus also appears slightly 
hyperintense compared to the left, better visualized on 
T2-FLAIR (not shown). The ipsilateral fornix (black 
arrow) is also small compared to the contralateral fornix

P. J. Karas et al.



341

The anatomy of the mesial temporal lobe is 
complex, and complete understanding of the 
three-dimensional relationship of mesial tempo-
ral structures requires close anatomical study. 
Mesial temporal structures include the hippo-
campus, amygdala, subiculum, and entorhinal 
cortex. The mesial temporal lobe is highly con-

nected to the frontal, temporal, and parietal lobes 
through Papez’s circuit. Working knowledge of 
the relationships between these structures and 
their surroundings (Fig. 24.2) is essential to per-
forming mesial temporal surgeries safely. 
Excellent reviews of mesial temporal anatomy 
are available [15–17].

Fig. 24.2 Temporal lobe gross anatomy. Important lat-
eral neocortical landmarks include the superior temporal 
gyrus, middle temporal gyrus, and inferior temporal 
gyrus. The Sylvian fissure divides the frontal lobe from 
the temporal lobe, and the lateral temporal gyri are sepa-
rated by the superior temporal sulcus and inferior tempo-
ral sulcus (a). Inferiorly, the fusiform gyrus is medial to 
the inferior temporal gyrus, separated by the lateral occip-
ital temporal sulcus. The collateral sulcus divides the 
medial aspect of the fusiform gyrus from the parahippo-
campal gyrus (b). The optic tract, along with other impor-
tant structures not shown (anterior choroidal artery, 
posterior cerebral artery, cranial nerve III), runs in the 
ambient and crural cisterns just medial to the parahippo-

campus and the uncus (c). With the parahippocampal 
gyrus removed, the proximity of the mesial hippocampal 
structures (fimbria, hippocampus, amygdala, uncus) to 
thalamic structures (lateral geniculate nucleus and pulvi-
nar) as well as the cerebral peduncle can be appreciated 
(d). Ant., anterior; Calc., calcarine; Cent., central; Chor., 
choroidal; Coll., collateral; Fiss., fissure; Gen., genicu-
late; Inf., inferior; Lat., lateral; Ling., lingual; Occ., occip-
ital; Occip., occipital; Parahippo., parahippocampal; Par., 
parietal; Ped., peduncle; Post., posterior; Seg., segment; 
Sulc., sulcus; Sup., superior; Termp., temporal; Tr., tract. 
(From Kucukyuruk B, et  al. [17]. https://creativecom-
mons.org/licenses/by/3.0/)
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 Semiology of Mesial Temporal Lobe 
Epilepsy

The semiology of mesial temporal lobe epilepsy 
is both classic and variable. Isolated seizures of 
the hippocampus can be clinically silent, often 
manifesting only as behavioral arrest. Additional 
symptoms occur with propagation of epilepti-
form discharges to closely connected structures. 
Careful attention to the semiology, particularly 
the temporal progression of the semiology, can 
help to determine the precise location of the sei-
zure onset zone (SOZ) as well as the path by 
which the epileptiform activity spreads.

Mesial temporal seizures can be divided into 
several subtypes based on the SOZ and network 
of structures involved. These subtypes include 
mesial (amygdala, hippocampus, parahippocam-
pal gyrus, entorhinal cortex), temporopolar, 
mesiolateral, lateral, and temporal “plus” sub-
types [18]. Isolated mesial temporal seizures 
often first manifest only as behavioral arrest. 
Additional signs of amygdala or hippocampal 
seizures include epigastric discomfort, caused by 
spread from the amygdala to the posterior insula. 
Other symptoms include auras of fear, déjà vu or 
déjà rêvé, and oral or gestural automatisms from 
early spread to the frontal operculum. Oral 
automatisms are characterized by lip smacking or 
chewing. Gestural automatisms include picking, 
fumbling, and fidgeting with the hands. 
Contralateral head version often occurs prior to 
seizure generalization and is also highly sugges-
tive of mesial temporal onset. Patients with sei-
zure onsets within any of the mesial structures 
often fall into this semiology subtype.

Seizures with temporopolar SOZ have very 
similar semiology to those of mesial temporal 
onset but tend to have faster onset of both clinical 
symptoms and loss of awareness (i.e., impaired 
consciousness) [19]. The faster loss of awareness 
likely stems from earlier involvement of the 
superior temporal gyrus (STG), as the temporal 
pole is a continuation of the superior temporal 
gyrus bending inferiorly approaching the lesser 
wing of the sphenoid. Temporopolar seizures 
quickly involve the STG, an area of association 
cortex with robust white matter tract connectivity 

to a broad array of brain networks, leading to loss 
of awareness. In contrast, mesial temporal sei-
zures spread first to the temporal pole prior to 
interacting with the superior temporal gyrus en 
route to other structures, leading to slower 
appearance of seizure semiology compared to 
temporopolar onset seizures.

Mesiolateral temporal onset seizures, like 
temporopolar onset seizures, also manifest in 
early loss of awareness. Early vocalizations as 
well as oral and verbal automatisms are also 
characteristic. The semiology of these seizures 
overlaps with the mesial subtype: mesiolateral 
seizures can start from near simultaneous epilep-
tiform activity from independent mesial and lat-
eral neocortical structures [20, 21].

Lateral temporal onset seizures typically 
manifest with an auditory aura followed by fre-
quent secondary generalized tonic clonic activ-
ity. They are typically of short duration. A lateral 
temporal SOZ can be secondary to a lesion in the 
lateral temporal neocortex but can also occur in 
MRI- negative temporal lobe epilepsy [20, 21]. 
However there are also rare cases of pure lateral 
temporal neocortex onset epilepsy with radio-
graphic mesial temporal sclerosis where the only 
suggestion of neocortical onset is seizure semi-
ology [22]. This highlights the importance of 
semiology in determination of the SOZ, as per-
forming a selective mesial temporal resection 
would fail to achieve seizure freedom in such a 
patient.

Temporal “plus” epilepsy manifests with 
gustatory, auditory, or vestibular auras, ipsilat-
eral tonic motor signs, contraversion, and post-
ictal dysphoria. This semiology arises from 
combinations of involvement between the 
insula, frontal and temporal operculum, orbito-
frontal cortex, and temporo-parieto-occipital 
junction. This complex semiology can arise 
from fast spread of temporal lobe seizures or 
from seizure onset zones in the involved epilep-
tic networks [23]. It is imperative that whenever 
a non-mesial temporal semiology is encoun-
tered, the anatomic region responsible for that 
behavior be investigated in addition to the 
mesial and neocortical temporal structures prior 
to consideration for surgery.
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 Diagnosis and Preoperative Workup

The goals of the presurgical workup are to con-
firm the diagnosis of epilepsy, identify an epilep-
togenic lesion if present, determine the size and 
location of the SOZ, and finally determine the 
feasibility and safety of resection. Many tools are 
used to perform this evaluation, and the results 
from one study can often inform multiple of the 
above goals. The results from each test must be 
critically examined for congruous and incongru-
ous findings prior to planning resective surgery.

 Confirmation of Epilepsy Diagnosis

Video EEG in an epilepsy monitoring unit 
remains the gold standard for the diagnosis of 
epilepsy. Subjective reports from epilepsy moni-
toring units at busy surgical epilepsy centers 
suggest that 20–30% of patients referred for sur-
gical epilepsy evaluation have psychogenic non- 
epileptic seizures (previously referred to as 
pseudoseizures) and do not in fact have epilepsy 
[24]. Confirmation of the epilepsy diagnosis by 
means of video EEG monitoring in an experi-
enced EMU is essential prior to further surgical 
evaluation. Ictal onset of MTLE is characterized 
by a diverse set of patterns on scalp EEG, most 
commonly with cessation of interictal dis-
charges, followed by ipsilateral temporal rhyth-
mic delta-theta activity [25].

 Identification of Epileptogenic Lesion

A high-resolution MRI is essential for determin-
ing the presence or absence of an intracranial 
lesion as a source of seizures. This MRI should 
be reviewed by neurologists, neuroradiologists, 
and neurosurgeons experienced at diagnosing 
epileptogenic foci. Diagnoses such as small tem-
poral encephaloceles, cortical dysplasias, or peri-
ventricular nodular heterotopias are easy to miss 
if not explicitly considered. Surgical outcomes 
are better when an epileptogenic focus is identi-
fied, and surgery will fail to achieve seizure free-
dom if an epileptogenic focus is missed and left 

in place after surgical resection. Studies using 7T 
MRI scanners have shown that even in cases of 
MRI-negative epilepsy (by 3T MRI), there can be 
epileptogenic lesions visible on 7T MRI thought 
to be primary epileptogenic foci [26]. The impor-
tance of careful scrutiny of MRI scans is empha-
sized by the fact that after identifying such 3T 
MRI-negative lesions on 7T MRI, a significant 
percentage of these lesions can be seen on 3T 
MRI in retrospect. Preoperative MRI should 
include T1-weighted, T2-weigted, and suscepti-
bility-weighted images. Some centers routinely 
obtain CT scans to screen for small bony defects 
suggestive of encephalocele. The most common 
etiology of MTLE is mesial temporal sclerosis 
(Fig. 24.3a).

 Determination of Seizure Onset Zone 
(SOZ)

Determination of the SOZ is essential to achiev-
ing seizure freedom; surgical cessation of sei-
zures requires complete removal or disconnection 
of the entire SOZ. Several tests can help determi-
nate the location and size of the SOZ. An initial 
hypothesis should be generated based on scalp 
EEG recordings; however confirmation is neces-
sary due to the poor spatial resolution of scalp 
EEG.

Fluorodeoxyglucose F 18 (18F-FDG) PET is 
commonly used for localization. 18F-FDG is a 
radioactive glucose analog. Like glucose, 18F- 
FDG is taken up readily by metabolically active 
cells at a rate proportional to cellular metabolic 
activity. Also like glucose, after cellular uptake 
18F-FDG is phosphorylated and trapped in the 
cell. 18F-FDG lacks the 2-hydroxyl group pres-
ent in normal glucose and cannot be further 
metabolized until after radioactive decay, lead-
ing to accumulation of 18F-FDG in proportion to 
metabolic activity in cells. The PET scan dis-
plays the distribution of 18F-FDG throughout the 
brain. Eventually 18F decays to 18O converting 
18F-FDG to glucose-6-phosphate which can then 
be metabolized just as ordinary glucose. PET 
scans are typically performed during interictal 
periods to facilitate easy scheduling. During 
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Fig. 24.3 Identification of the seizure onset zone. 
Coronal (left) and axial (right) cuts through a T2-FLAIR 
MRI scan show classic left mesial temporal sclerosis 
(white arrow) (a). Interictal 18F-FDG PET scan shows 
hypometabolism in the left temporal pole and mesial tem-
poral region (white arrowheads), corresponding to the 

region of mesial temporal sclerosis (b). Axial, coronal, 
and sagittal images showing MEG findings suggestive of 
a left mesial temporal spike cluster. Note the convention 
for MEG is to display the patient’s left on the left side of 
the screen, the opposite of standard radiographic conven-
tion (c). (Images courtesy of Dr. Audrey Nath)
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ictal periods seizing brain has increased metab-
olism and increased local cerebral perfusion. In 
contrast, during interictal periods the seizure 
onset zone exhibits abnormal hypometabolism. 
These areas of hypometabolism are readily 
identifiable by 18F-FDG PET. 18F-FDG PET 
findings in MTLE often include hypometabo-
lism of the hippocampus and surrounding ante-
rior temporal structures (Fig.  24.3b). 
Importantly, while an area of hypometabolism 
often includes the SOZ, this is not always the 
case. The SOZ may only be a small part of a 
hypometabolic region seen on 18F-FDG PET.

Ictal SPECT is another nuclear medicine 
study measuring changes in local cerebral blood 
flow related to seizures. Ictal SPECT must be 
performed in a monitored setting with video EEG 
for confirmation of seizure onset. A tracer, often 
technetium-99m (Tc-99m) labelled hexamethyl-
propyleneamine oxime (HMPAO), is injected at 
the time of seizure onset. In contrast to 18F-FDG 
PET, the tracer in SPECT distributes according to 
blood flow, not metabolism. Since blood flow is 
closely coupled to brain metabolism (flow- 
metabolism coupling), the tracer distribution 
closely approximates metabolic activity. Since 
actively seizing areas of the brain have increased 
metabolic demand, generally leading to increased 
local cerebral blood flow, the tracer rapidly dis-
tributes in higher quantities to actively seizing 
locations in the brain where it remains for several 
hours after the seizure. The ictal SPECT reading 
is compared to an interictal SPECT in the same 
patient to determine what areas of the brain have 
increased local cerebral perfusion during seizures 
[27], suggestive of the SOZ. Ictal SPECT is most 
useful in partial epilepsy, and the efficacy 
decreases with secondarily generalized tonic- 
clonic activity. Ictal SPECT findings in MTLE 
generally show increased cerebral blood flow on 
the side of MTLE in mesial and often lateral 
anterior temporal structures.

Magnetoencephalography (MEG) localizes 
the SOZ by measuring changes in the local mag-
netic field of the brain. In normal brain tissue, 
populations of axons are roughly aligned in the 
cerebral mantle. Synchronized firing of popula-
tions of neurons changes the current flow leading 
to the alterations in the magnetic field detected by 

MEG.  Both EEG and MEG are measuring the 
same neurophysiologic process. Importantly, 
since magnetic fields are produced tangentially to 
the direction of current, MEG is best at measur-
ing electrical activity in sulci which produce 
alterations in the magnetic fields outside the 
scalp. Magnetic field alterations from electrical 
activity in gyri often escape detection from the 
magnetometers arranged around the head since 
these field alterations occur within the head. 
EEG, by contrast, detects electrical signal from 
populations of neurons in both gyri and sulci. The 
electric fields measured by EEG are heavily dis-
torted by bone and scalp making exact localiza-
tion of electrical activity difficult. Magnetic fields 
are not as distorted by these structures, allowing 
MEG to localize electrical activity with much 
greater precision than EEG.  For this reason, 
MEG is used for anatomic localization of epilep-
tic populations of neurons, providing additional 
evidence for the location of the SOZ (Fig. 24.3c). 
MEG machines are costly and are not widely 
available. Many busy and successful epilepsy 
centers do not use MEG in their presurgical epi-
lepsy evaluation.

 Neuropsychological Evaluation

A comprehensive neuropsychological evaluation 
is an essential part of the presurgical evaluation. 
Specific neuropsychological deficits can suggest 
involvement of anatomic structures in the epi-
lepsy network. Furthermore, results from neuro-
psychological testing can also be used to predict 
the morbidity of different surgical approaches. 
Neuropsychological deficits from MTLE fall into 
three predominant categories: memory impair-
ments, executive function impairments, and lan-
guage impairments [28].

Working memory, including short-term mem-
ory, is commonly impaired in patients with 
MTLE. Severity of working memory impairment 
is higher with dominant (usually left) temporal 
lobe epilepsy, earlier age of onset, increased sei-
zure burden, and hippocampal sclerosis [29]. 
Working memory deficits can further be divided 
into verbal memory impairment (strongly associ-
ated with dominant side MTLE [30, 31]) and spa-
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tial memory impairment (more associated with 
nondominant side MTLE [32]). Deficits in long- 
term autobiographical memory are also possible, 
even in cases with intact working memory [33–
35]. Such deficits arise from an inability to con-
solidate episodic memory (context-dependent) 
despite normal abilities to store semantic knowl-
edge and single items (context-free memory) 
[36]. Verbal memory function is classically local-
ized to the dominant hippocampus, with spatial 
memory more associated with the nondominant 
hippocampus.

Deficits specific to executive function are less 
well defined. Difficulty forming new associations 
and registering information [37–40], decreased 
feedback-based decision-making [41], and poor 
mental flexibility under high cognitive loads [42] 
have all been demonstrated in the MTLE popula-
tion. The mechanism for executive function 
impairment remains poorly understood but may 
stem from the high connectivity between mesial 
temporal and prefrontal structures, frequently 
involving prefrontal regions in MTLE seizure 
networks.

Word finding and naming deficits are the 
most common language impairments in MTLE, 
present in up to 40% of cases. These deficits are 
most often present when seizures arise from the 
language- dominant (usually left) lobe [43, 44]. 
These language impairments have a significant 
detrimental impact on daily life [45]. 
Importantly, auditory naming (by oral defini-
tion) is more affected than visual (by picture 
card) naming [43, 46]; deficits in auditory nam-
ing are predictive of seizure focus laterality in 
85% of patients [47]. Verbal and auditory nam-
ing is classically localized to the dominant lat-
eral temporal neocortex [48, 49]. However, the 
exact locations are variable and include net-
works across the anterior temporal, middle tem-
poral, inferior temporal, and posterior superior 
temporal neocortex [50, 51].

Given the memory and language function of 
the dominant temporal lobe, determination of 
language and memory dominance can have a 
large impact on operative planning and predict-
ing postoperative neuropsychological outcomes. 
Removing dominant mesial temporal structures 

often leads to worsening neuropsychological def-
icits. The intracarotid amobarbital (Wada) test 
has classically been used to determine language 
dominance. Over the last decade, language domi-
nance testing with the Wada has slowly been 
replaced with fMRI, sparing patients periproce-
dural risk and discomfort associated with cathe-
terization. fMRI has been shown to be a reliable 
alternative to Wada with similar prediction accu-
racy for postoperative naming and verbal mem-
ory decline after ATL [52].

The most reliable predictors of verbal memory 
decline after resective surgery for MTLE are 
dominant lobe temporal epilepsy (dominant side 
resection), excellent preoperative verbal memory 
IQ (>120), MRI-negative epilepsy, and late age 
onset of epilepsy. These risk factors are important 
in both patient counseling and determination of 
what surgery to perform.

After confirming the diagnosis of MTLE 
with video EEG, an interdisciplinary team of 
neurosurgeons, neurologists, neuroradiologists, 
and neuropsychologists carefully review and 
discuss the temporal progression of the seizure 
semiology; the anatomic findings on MRI, the 
location of the SOZ as determined by interictal 
PET, ictal SPECT, and/or MEG; and the neuro-
psychological testing. The team generates a 
hypothesis of the seizure focus and seizure net-
work, probing all tests for concordant and dis-
cordant data. The multidisciplinary team then 
makes a decision about invasive monitoring 
and/or surgical treatment.

 Invasive Electroencephalography 
Monitoring

Invasive monitoring techniques are covered in 
detail in Chap. 23. A few points specific to MTLE 
are discussed here. If there is strong concordance 
between seizure semiology, preoperative MRI 
with MTS, seizure onset zone studies, and neuro-
psychological testing, some centers advocate 
advancing directly to surgical resection without 
invasive monitoring [53]. If a lesion other than 
MTS is present on MRI and thought to be the sei-
zure focus, invasive monitoring is also not 
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required but may be helpful in aiding resection of 
the entire seizure onset zone to achieve the best 
seizure freedom outcome. If any of the previ-
ously discussed preoperative evaluation is discor-
dant or suggestive of more than one seizure focus, 
we recommend proceeding with invasive electro-
encephalography monitoring. Epilepsy monitor-
ing with video and invasive electroencephalography 
is commonly referred to as phase 2 monitoring.

Effective invasive recordings can be per-
formed with either subdural grids and strips or 
stereoelectroencephalography (sEEG). The pre-
cise location of the implants should be guided by 
a hypothesis of the seizure onset zone and epilep-
tic networks based on careful consideration of 
semiology and other aforementioned preopera-
tive test results. For subdural grids and strips, the 
lateral temporal neocortex is often covered by a 
grid, while subdural strips can be wrapped around 
the anterior temporal pole and slid inferiorly to 
record from fusiform and parahippocampal gyri. 
Care must be taken when inserting subtemporal 
strips, as large draining veins from the temporal 
lobe may traverse this space on their way to the 
transverse sinus. sEEG electrode trajectories 
should be planned to sample all suspected ana-
tomic structures under consideration as epilepto-
genic foci, as well as from the suspected epilepsy 
network. Particular care must be taken to avoid 
superficial subdural vascular structures when 
planning sEEG trajectories to prevent intracra-
nial hemorrhage during electrode placement.

 Resective Surgeries for Mesial 
Temporal Epilepsy

Surgery for the treatment of medically refractory 
MTLE has evolved significantly over the last two 
decades. Resective surgery with anterior tempo-
ral lobectomy (ATL) remains the gold standard 
for medically refractory MTLE. Selective amyg-
dalohippocampectomy (SAHC) is an approach 
that leaves the lateral temporal neocortex in place 
while removing all mesial temporal structures. 
Lateral temporal neocortex is preserved with the 
goal of decreasing postoperative cognitive defi-
cits, particularly naming and language problems.

 Anterior Temporal Lobectomy (ATL) 
Procedure

Anterior temporal lobectomy (ATL) has been the 
mainstay of treatment for MTLE for half a cen-
tury. Over time, the amount of lateral neocortex 
commonly resected has decreased, which has not 
correlated to loss of efficacy in seizure control 
when radiographic and electrocorticographic 
testing colocalizes to the mesial temporal struc-
tures. When lateral temporal neocortex is impli-
cated in seizure onset, resection of the mesial 
temporal structures is also indicated for effective 
seizure control [54, 55]. There is a wide degree of 
variation from surgeon to surgeon in how an 
anterior temporal lobectomy is performed, lead-
ing some to conclude that there is no “standard” 
anterior temporal lobectomy. Here we describe 
our practice.

Prior to surgery, patients are continued on 
their current antiepileptic medication regimen. 
Some surgeons prefer to discontinue valproic 
acid and its derivatives (e.g., divalproex) 5–7 days 
prior to surgery due to decreased platelet func-
tion, though influence on intraoperative blood 
loss is debated [56]. Preoperative antibiotics and 
10 mg IV dexamethasone are administered just 
prior to incision. Dexamethasone is tapered over 
1 to 2 weeks after surgery. The surgery is usually 
performed under general anesthesia, as the 
amount of lateral temporal neocortical resection 
is small leading to low risk of postoperative lan-
guage dysfunction. If significant lateral temporal 
neocortical resection is required for a dominant 
temporal lobe lesion, surgery can be performed 
awake to allow for intraoperative language map-
ping. Speech mapping can also be performed in 
the epilepsy monitoring unit (EMU) via stimula-
tion with a subcortical grid during phase 2 moni-
toring allowing for safe dominant lateral temporal 
neocortical resection under general anesthesia.

In general, our mesial temporal resection 
which we describe below includes the anterior 
3 cm of both the parahippocampal gyrus and hip-
pocampus, the inferior amygdala, and the uncus. 
The surgery can be divided into four steps: (1) 
craniotomy, (2) anterolateral neocortical resec-
tion, (3) microsurgical resection of mesial 
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temporal structures (amygdala, hippocampus, 
and parahippocampal gyrus), and (4) closure.

The patient is positioned on the operating 
room table supine with a shoulder roll. The head 
of bed is elevated to bring the head above the 
level of the heart. The head is placed in a three- 
point skull pin fixation device, extended slightly, 
and turned away from the side of surgery. The 
bed is also rotated to bring the frontotemporal 
area horizontal to the floor. Cranial navigation 
can be used but is not necessary, as anatomic 
landmarks are routinely used to guide the 
surgery.

A reverse question mark incision is used 
beginning immediately behind the hairline and 
extending posteriorly to just superior to the supe-
rior temporal line. The incision is taken down just 
anterior to the ear to the root of the zygoma 
(Fig. 24.4a), and a myocutaneous flap is elevated 

and maintained by fish-hook retractors. A modi-
fied pterional craniotomy is performed with infe-
rior border at the floor of the middle fossa defined 
by the root of the zygoma, anterior border at the 
frontal process of the zygomatic bone, posterior 
border at approximately the posterior border of 
the pinna, and superior border at the superior 
temporal line (Fig.  24.4b). The sphenoid wing 
should be cut flush with the edge of the craniot-
omy but does not need to be drilled down further 
as would be done for exposure of the circle of 
Willis. The dura is opened in a horseshoe flap and 
reflected against the temporalis muscle. This 
exposure should reveal the inferior frontal gyrus, 
the Sylvian fissure, and the anterior 5–6  cm of 
superior (STG), middle (MTG), and inferior tem-
poral gyri (ITG) (Fig. 24.5a).

After initial exposure, then next step is lateral 
temporal neocortical resection. This portion of 

Fig. 24.4 Skin incision and craniotomy for anterior tem-
poral lobectomy. A small reverse question mark incision 
beginning behind the hairline is used to elevate a myocu-
taneous flap (a). A modified pterional craniotomy is then 
performed, with special attention to the anterior and infe-

rior cuts to ensure access to the temporal pole, the inferior 
temporal gyrus, and the floor of the middle fossa (b). 
(Artist: Winifred Hamilton, PhD, Baylor College of 
Medicine, Houston, TX. From Yoshor D, et al. [57] with 
permission from Elsevier)
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surgery is typically performed under loupe mag-
nification. Preservation of veins, namely, the large 
Sylvian veins and the vein of Labbe, is of utmost 
importance to prevent the development of venous 
infarct. The vein of Labbe runs 4–6 cm posterior 
to the temporal tip and demarks a posterior limit 
to resection. Resection is also limited posteriorly 
by the petrous ridge, but ideally should be only as 
large as needed to remove epileptogenic temporal 
neocortex and provide access to the hippocampus 

in the floor of the temporal horn of the lateral ven-
tricle. To prevent postoperative language deficit, 
damage to the anterior superior temporal gyrus in 
the dominant hemisphere must be avoided. 
Additionally, branches of the middle cerebral 
artery that perfuse posterior temporal cortex can 
arise in the anterior Sylvian fissure and pass over 
the anterior 4 cm of STG and MTG. Damage to 
these vessels can also lead to language deficits 
and should be avoided.

Fig. 24.5 Neocortical incisions for anterior temporal 
lobectomy and selective amygdalohippocampectomy. 
Conservative neocortical resection can be achieved by 
beginning the incision in the middle temporal gyrus paral-
lel to the superior temporal sulcus (incision 1a). The corti-
cal incision is directed slightly posteriorly and inferiorly 
until the temporal horn of the lateral ventricle is encoun-
tered. Alternatively, an incision can be made in the supe-
rior temporal gyrus (incision 1b) if language functional 
cortex is not present. The incision is carried back posteri-
orly for up to 5 or 6 cm, though the exact amount of neo-
cortical removal is determined on a case-by-case basis. 
The vein of Labbe represents a firm posterior resection 
boundary and should always be preserved. Selective 
amygdalohippocampectomy preserves lateral neocortical 

structures and is most often performed through a middle 
or inferior temporal gyrus transcortical corridor (not 
shown) or via a trans-sulcal approach through the inferior 
temporal sulcus (incision 1c) (a). After entrance into the 
temporal horn of the lateral ventricle, the collateral emi-
nence is identified just inferior and lateral to the hippo-
campus, and an incision is carried down from this 
landmark to the collateral sulcus (incision 2). This step 
completes the lateral neocortical resection (b). FG, fusi-
form gyrus; ITG, inferior temporal gyrus; MTG, middle 
temporal gyrus; PHG, parahippocampal gyrus; Ped., 
peduncle; STG, superior temporal gyrus; v., vein. (Artist: 
Winifred Hamilton, PhD, Baylor College of Medicine, 
Houston, TX. From Yoshor D, et al. [57] with permission 
from Elsevier)
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The initial entry incision is made parallel to 
the superior temporal sulcus either in the MTG 
(Fig. 24.5a, incision 1a) or STG (Fig. 24.5b, inci-
sion 1b). The posterior border of the lateral neo-
cortical resection is commonly 3–4  cm for 
dominant hemisphere and 4–5 cm for nondomi-
nant hemisphere resections, though this can be 
tailored based on the involvement of lateral neo-
cortical structures in the SOZ as determined by 
the presurgical workup. If an MTG incision is 
used, dissection is directed orthogonally directly 
to the temporal horn of the lateral ventricle 
(Fig. 24.5b, incision 1a). For a STG incision, dis-
section must be directed slightly inferiorly toward 
the middle fossa floor to hit the temporal horn 
and avoid dissecting through the Sylvian fissure 
into the insula (Fig.  24.5b, incision 1b). Gray 
matter of the temporal operculum and cerebro-
spinal fluid (CSF) may be encountered at a depth 
of 1–2 cm as dissection is carried past the medial 
aspect of the Sylvian fissure en route to the tem-
poral horn of the lateral ventricle. 2 to 5 cm pos-
terior from the temporal tip, the superficial MTG 
or STG incision is redirected at a right angle, cut-
ting across the MTG and ITG down to the middle 
fossa floor creating the posterior border of the 
lateral neocortical resection. This incision is dis-
sected down, directed in a slightly posterior 
angle, until entrance into the temporal horn of the 
lateral ventricle at an average depth of 3–3.5 cm. 
Measuring this depth on preoperative MRI and 
using it as a reference during surgery is often 
helpful.

If difficulty is encountered in locating the tem-
poral horn, frameless stereotaxy can be of use. 
Alternatively, a careful dissection guided by 
anatomy is at least as effective as computer- 
assisted navigation and is not limited by brain 
shift; the collateral fissure/sulcus can be located 
medial to the fusiform gyrus and then followed 
superiorly through the collateral eminence and 
into the temporal horn just lateral to the 
hippocampus.

After entering into the temporal horn, the ini-
tial STG or MTG incision parallel to the superior 
temporal sulcus can be carried anteriorly to the 
temporal tip, taking care to preserve any Sylvian 
veins draining into the sphenoparietal sinus. The 

collateral eminence, often seen as a bulge on the 
floor of the temporal horn running parallel and 
just lateral to the hippocampus, can then be 
incised and dissected down to the collateral fis-
sure (Fig. 24.5b, incision 2). Subpial dissection 
down the collateral fissure on the side of the fusi-
form gyrus, carried from posterior to anterior, 
will end at the floor of the middle fossa complet-
ing the disconnection and allowing removal of 
the lateral temporal neocortex.

The microscope is then brought into position 
for resection of the mesial temporal structures. 
Traditionally retractors have been used to hold 
open the anterior portion of the temporal horn. 
However dynamic retraction with suction and 
bipolar can be utilized to prevent unnecessary tis-
sue trauma. If retractors are used, it is imperative 
that the retractor placed on the remaining STG or 
Sylvian fissure (Fig. 24.6b, retractor R1) does not 
push too hard or too deep to cause injury to the 
underlying internal capsule, optic tract, or globus 
pallidus.

First, we make an incision from the tip of the 
choroid fissure through the amygdala aiming 
toward the medial aspect of the greater wing of 
the sphenoid (Fig. 24.6b, incision 3). This inci-
sion is based on an imaginary line connecting the 
anterior choroidal point to the first segment of the 
middle cerebral artery (M1), defining the supe-
rior border of the amygdala resection. The 
 anterior choroidal point (also referred to as infe-
rior choroidal point or simply choroidal point) is 
defined as the anterior border of the choroid 
plexus, where the anterior choroidal artery enters 
the temporal horn of the lateral ventricle. An 
alternative landmark to M1 is the limen insulae, 
defined by the anterior border of the insula, at the 
lateral limit of the anterior perforating substance 
where the anterior and posterior stems of the lat-
eral sulcus join. Venturing superior to this line 
endangers the basal ganglia and can lead to trav-
eling up the temporal stem (see Fig. 24.5b, loca-
tion of the basal ganglia up the temporal stem).

The amygdala can then be removed with sub-
pial suction aspiration, taking care to preserve the 
pia overlaying the sphenoid and tentorium. It is 
imperative that this pial plane is preserved, as it 
serves as a protective border covering the tento-
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rial incisura, beyond which lies the posterior 
cerebral artery (PCA), basal vein of Rosenthal, 
anterior choroidal artery (AChA), third and 
fourth cranial nerves, cerebral peduncle, optic 
tract, and brainstem. Removal of the amygdala 
reveals the pia medial to the parahippocampal 
cortex (Fig.  24.6a, c). The parahippocampal 
gyrus is then dissected medially in subpial fash-
ion until the subiculum is reached (Fig.  24.6a, 
incision 6).

More posteriorly, the choroid is gently lifted 
medially to reveal the underlying choroidal fis-
sure. Just lateral to the choroidal fissure, the fim-
bria and alveus are removed from the body of the 
hippocampus with gentle suction aspiration 
(Fig. 24.6a, c, incision 4) to reveal the edge of the 
hippocampal fissure (Figs. 24.6a and 24.7a). The 
hippocampal fissure is comprised of the union of 
a pia-arachnoid plane, on one side extending 
down from the choroidal fissure and on the other 

Fig. 24.6 Removal of mesial temporal structures. After 
removal of lateral neocortical structures, the anterior cho-
roidal point is identified, and the choroid plexus is ele-
vated superiorly and medially. An incision is carried from 
the anterior choroidal point anteriorly through the amyg-
dala in the direction of M1 (incision 3, panel b). Removal 
of amygdala superior to this plane endangers the basal 
ganglia. The inferolateral portion of the amygdala can 
then be removed (b). The fimbria and alveus are then dis-
connected and removed from the hippocampus (incision 
4, panels a and c). Care is taken to preserve mesial pia in 
order to prevent entry into the ambient and crural cisterns 
in which travel delicate arterial and venous structures sup-
plying the brainstem. The pia of the hippocampal fissure 

is identified, and hippocampal feeding arteries are divided 
freeing the hippocampus from its medial attachments 
(incision 5, panel a). Beginning at the floor of the middle 
fossa, subpial dissection of the parahippocampal gyrus is 
performed until the parahippocampal gyrus is freed from 
its inferior attachments at the inferior side of the hippo-
campal fissure (incision 6, panel a). AChA, anterior cho-
roidal artery; C, tail of the caudate; GP, globus pallidus; 
IC, internal capsule; OT, optic tract; PCA, posterior cere-
bral artery; PHG, parahippocampal gyrus; P, putamen; 
THLV, temporal horn of the lateral ventricle; v., vein. 
(Artist: Winifred Hamilton, PhD, Baylor College of 
Medicine, Houston, TX. From Yoshor D, et al. [57] with 
permission from Elsevier)
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side extending up from the medial parahippo-
campal gyrus. The pia-arachnoid plane extending 
from the choroidal fissure into the hippocampal 
fissure often contains a 2–3 mm vein traveling to 
the hippocampus which must be coagulated and 
cut (Figs. 24.6a and 24.7a, incision 5), revealing 
the subiculum underneath. Importantly, posterior 
to this vein, arterial branches of the AChA anteri-
orly and PCA posteriorly run through the pia- 
arachnoid plane of the hippocampal fissure to 
supply the hippocampus. En passage vessels can 
also pass through the hippocampal fissure before 
returning to supply the posterior internal capsule. 
Arteries must be carefully inspected and en pas-
sage vessels preserved to prevent infarction of the 
posterior capsule and postoperative hemiplegia. 
Additionally, the course of the PCA may be vari-

able. Occasionally the PCA can be found strongly 
attached to the subiculum. The PCA must there-
fore be identified anteriorly as it runs past the ten-
torial incisura. Its course can be tracked 
posteriorly prior to incising the subiculum 
(Fig. 24.7a, b).

The subpial dissection connecting the para-
hippocampal gyrus to the subiculum can then be 
continued medially to join the hippocampal fis-
sure (Fig. 24.6a, incision 6). Proceeding in this 
manner allows for approaching the vessels in the 
hippocampal fissure from both superomedial and 
inferolateral angles in order to identify en pas-
sage vessels. Alternatively, the pia of the subicu-
lum can be incised from superomedially 
(Fig. 24.7b, incision 6), which can then be car-
ried subpially to connect with the subpial dissec-

Fig. 24.7 Removal of the hippocampus. Arteries and 
veins traveling to the hippocampus within the hippocam-
pal fissure are cut to detach the hippocampus (incision 5, 
panel a). Care is taken to preserve en passage vessels 
within the hippocampal fissure, as branches of the anterior 
choroidal artery and posterior cerebral artery may traverse 
the fissure en route to eloquent structures. After devascu-
larization of the hippocampus, careful subpial dissection 
is used to free the subiculum and parahippocampal cortex 

from its mesial pia (incision 6, panel b). Finally, an inci-
sion is made roughly 3 cm posterior from the pes hippo-
campus through the tail of the hippocampus and the 
parahippocampal gyrus (incision 7, panel b). This allows 
for en bloc removal of the hippocampus and hippocampal 
gyrus (c). PCA, posterior cerebral artery; PHG, parahip-
pocampal gyrus. (Artist: Winifred Hamilton, PhD, Baylor 
College of Medicine, Houston, TX. From Yoshor D, et al. 
[57] with permission from Elsevier)
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tion of the medial parahippocampal cortex. An 
incision through the posterior hippocampus and 
parahippocampal gyrus is then made roughly 
3 cm posterior to the head (pes) of the hippocam-
pus (Fig. 24.7b, incision 7), usually correspond-
ing to 1 cm posterior to the location of the vein 
traveling into the hippocampal fissure that was 
previously coagulated and cut. This maneuver 
frees the hippocampus and parahippocampal 
gyrus for en bloc removal (Fig.  24.7c). The 
remainder of the uncus can then be removed 
with subpial dissection and gentle suction, tak-
ing care to preserve small perforating arteries 
entering the brainstem from the underlying PCA, 
posterior communicating artery, and AChA. The 
pial plane covering the crural and ambient cis-
terns should not be bipolared. Remaining hippo-
campus can also be removed at this time with 
gentle suction, following the tail until it curves 
up and away from the operative field. The hip-
pocampus should be removed posteriorly until at 
least the coronal plane in line with the lateral 
mesencephalic sulcus. The lateral geniculate 
nucleus can sometimes be viewed through the 
medial pia protecting the ambient cistern and 
can also serve as a posterior hippocampal resec-
tion marker.

Intraoperative recording of the hippocampus 
can be performed to guide resection. Aggressive 
resection of spike-generating areas in mesial 
temporal structures may lead to improved seizure 
freedom [57]; however this is not well proven and 
has generally fallen out of practice. If desired, 
hippocampal recordings are performed after lat-
eral neocortical resection, prior to mesial tempo-
ral resection. A strip of four to six electrodes is to 
be placed through the temporal horn of the lateral 
ventricle directed posteriorly toward the occipital 
horn on the ventricular surface of the hippocam-
pus. The use of intraoperative electrocorticogra-
phy requires strict limitation of inhalational 
anesthetic use.

Bipolar electrocautery and oxidized regener-
ated cellulose are used to obtain hemostasis, and 
the cavity is filled with sterile saline prior to 
watertight closure of the dura. The bone flap is 
then replaced, antibiotic irrigation used, and the 
incision closed in layers.

 Selective 
Amygdalohippocampectomy (SAHC) 
Procedure

The impetus for developing the selective amyg-
dalohippocampectomy (SAHC) is twofold. First, 
a convergence of evidence from electrophysio-
logic, functional imaging, and animal models 
suggests that resection of mesial temporal struc-
tures alone can result in similar seizure outcomes. 
Second, sparing lateral neocortical structures 
might spare some of the postoperative neuropsy-
chological deficits associated with ATL. ATL on 
the other hand allows for better visualization and 
en bloc resection of mesial temporal structures, 
as described above.

SAHC can be performed through a variety of 
approaches. It was first described more than half 
a century ago via a transcortical approach through 
the MTG [58]. Other approaches include trans-
sylvian [59, 60] and infratemporal [61] 
approaches. There are advantages and disadvan-
tages to each approach, but acceptable outcomes 
can be achieved with all [62]. Here we will briefly 
describe the transcortical approach, which 
remains the most popular today.

The patient is positioned similarly as for the 
ATL, supine and with a large bump allowing the 
head to be rotated 90 degrees away from the side 
of surgery, parallel to the floor. The head is placed 
in a three-point skull pin fixation device, and cra-
nial navigation is used since the limited exposure 
of the surgery can easily lead to confusion 
between anatomic landmarks. A linear incision is 
used just anterior to the ear, running from the 
level of just superior to tragus, superiorly about 
7  cm. The temporalis is incised linearly and 
retracted laterally, and then a craniotomy is per-
formed roughly 4  cm in diameter. The dura is 
then opened and flapped inferiorly.

The initial incision for the transcortical 
approach can be made through the middle or 
inferior temporal gyrus, or through the inferior 
temporal sulcus (Fig.  24.5a, b, incision 1c). 
Bipolar electrocautery is used to create a 
1.5–2 cm opening not more than 3.5 cm poste-
rior to the temporal pole. This cortical or sulcal 
incision is carried down to the temporal horn of 
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the lateral ventricle using cranial navigation as 
needed to direct the dissection. A self-retaining 
retractor is then used to maintain the cortical 
opening. Resection of the medial temporal 
structures follows a similar approach to those 
detailed above for ATL, with some distinctions 
aimed at maintaining “safe zones” to avoid dis-
orientation. Part of the amygdala is first 
removed using a combination of electrocautery 
and suction. This removal is directed to expos-
ing the pia overlying the medial floor of the 
middle fossa, picking up the pial plane as it 
travels off the middle fossa floor to protect the 
surgeon from more medial lying structures in 
the carotid, crural, and ambient cisterns. 
Subpial dissection is then continued posteriorly 
to remove the uncus, taking care to identify the 
tentorial incisura. Again, the medial pial plane 
must be carefully preserved to protect cranial 
nerves III and IV, the PCA and AChA, and the 
cerebral peduncle.

After removal of the uncus, the choroidal fis-
sure is identified posteriorly within the temporal 
horn of the lateral ventricle. Again, this fissure 
marks the superior border of the resection to 
prevent damage to the optic tract and cerebral 
peduncle. The choroid can be swept superiorly, 
protected with a cottonoid and held in place 
with the tip of a retractor. Retraction posteriorly 
will reveal the pes hippocampus, and the hip-
pocampus and fimbria are then mobilized off the 
choroidal fissure in the posterior direction. The 
posterior border of resection is defined by the 
plane of the tectal plate seen on neuronaviga-
tion, allowing for removal of approximately 
2.5 cm of hippocampus. After reaching the pos-
terior border and transecting the hippocampus 
in this plane, dissection is continued inferiorly 
from posterior to anterior, freeing the pes hip-
pocampus from the parahippocampal gyrus. The 
hippocampus is now free except for its attach-
ment on the pia-arachnoid plane of the hippo-
campal fissure. The hippocampus is freed from 
the hippocampal fissure in anterior to posterior 
direction, taking care to only divide arteries 
feeding the hippocampus and preserving the en 
passage vessels from AChA anteriorly and PCA 
posteriorly.

 Outcomes for Resective Surgeries

The goal of resective surgery is seizure freedom. 
While outcomes for clinical trials of antiepileptic 
medications are often measured by the percent of 
patients achieving a meaningful reduction in sei-
zure frequency (50% or greater reduction), out-
comes for surgical treatment of epilepsy are held 
to a higher standard and graded using the Engel 
Classification of Postoperative Outcome 
(Table 24.1) [63] and/or the ILAE Postoperative 
Outcome Classification (Table 24.2) [64].

Table 24.1 Engel classification of postoperative 
outcome

Class Description
I Free of disabling seizures
A Completely seizure-free since surgery
B Non-disabling simple partial seizures only 

since surgery
C Some disabling seizures after surgery, but free 

of disabling seizures for at least 2 years
D Generalized convulsions with AED 

discontinuation only
II Rare disabling seizures (almost seizure-free)
III Worthwhile improvementa

IV No worthwhile improvement

From Engel J Jr., et  al. [63]. Reprinted with permission 
from John Wiley and Sons
aWorthwhile improvement is defined variably. Usages 
include a range of reduction in seizure frequency ranging 
from >50% to >90% reduction in seizure frequency

Table 24.2 International League Against Epilepsy 
(ILAE) postoperative outcome classification

Class Description
1 Completely seizure-free; no aurasa

2 Only auras; no other seizures
3 One to 3 seizure days per year; ± auras
4 Four seizure days per year to 50% reduction of 

baseline seizure days; ± auras
5 Less than 50% reduction of baseline seizure 

days to 100% increase of baseline seizure 
days; ± auras

6 More than 100% increase of baseline seizure 
days; ± auras

From Wieser HG, et al. [64]. Reprinted with permission 
from John Wiley and Sons
aThis does not include seizures that occur in the first 
month after surgery, which do not predict long-term 
outcome
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The first randomized controlled trial of ATL 
vs. continued medical management in MTLE 
showed 64% freedom from disabling seizures 
(58% when including all randomized for con-
sideration for surgery) at 1 year after ATL com-
pared to 8% after continued medical 
management [7]. The surgical group achieved 
38% complete seizure freedom compared to 
only 3% in the medical group at 1 year. The sur-
gery group also had significantly improved 
quality of life compared to the medically man-
aged treatment arm. This trial confirmed the 
role of surgery in medically refractory epilepsy 
secondary to MTS and helped to popularize the 
surgery. At the time of  publication in 2001, it 
was estimated that only about 2% of people eli-
gible to undergo surgery for epilepsy actually 
underwent epilepsy surgery [65].

Additional studies and meta-analyses suggest 
that 60–90% of patients achieve Engel I outcome 
after ATL [7, 66–73] and that these outcomes are 
largely preserved after 5  years. Modern series 
achieving the highest rates of Engel I outcome 
after ATL place strong emphasis on the preopera-
tive workup, reporting very high rates of concor-
dance between semiology, MRI findings, and 
neuropsychological evaluations [73]. Engel I out-
come rates of 70–80% can be considered a mod-
ern benchmark for seizure reduction after ATL.

Seizure reduction after SAHC is generally 
compared to outcomes for ATL. No randomized 
controlled trial comparing SAHC to ATL has 
been performed, and most single studies have 
small sample sizes suggesting equivalence or 
slight superiority of seizure reduction with 
ATL.  A meta-analysis of papers comparing 
seizure freedom outcomes after ATL and SAHC 
showed an 8% increased occurrence of freedom 
from disabling seizures after ATL compared to 
SAHC [74]. This analysis of 11 studies compar-
ing 1203 participants (620 ATL vs. 583 SAHC) 
stratified outcomes into freedom from disabling 
seizures (Engel I) vs. continued seizures (Engel 
II–IV). The 8% risk difference translates to a 
number needed to treat of 13 patients for 1 addi-
tional patient to achieve seizure freedom follow-
ing ATL.  The superiority of ATL compared to 
SAHC was maintained when the analysis was 

limited to only patients with MTS (n  =  1092). 
The superiority of ATL to SAHC for seizure free-
dom has also been shown in other large meta- 
analyses [75].

Neuropsychological impairment can 
increase after ATL. Verbal memory impairment 
occurs in 25–50% of patients who undergo 
dominant right side ATL and 30% who undergo 
left side ATL [76]. Studies examining outcomes 
of both ATL and SAHC report no difference in 
verbal memory deficits between the two surger-
ies, reporting deficits in 40–50% of left-sided 
surgeries and 30% of right-sided surgeries [77, 
78]. Patients at the highest risk for postopera-
tive verbal memory impairment include those 
with a normal- appearing hippocampus and 
intact verbal memory on the dominant side, as 
well as patients with hippocampal sclerosis on 
the resection side but impaired memory func-
tion on the contralateral side. Other risk factors 
include very high preoperative verbal IQ and 
late age of epilepsy onset. Spatial memory 
tends to be more resilient compared to verbal 
memory after ATL, even when the nondominant 
hippocampus is resected.

Language deficits, particularly naming diffi-
culty, can appear in up to 25% of patients follow-
ing dominant side ATL [79]. These deficits can be 
permanent or transient. Other reports have shown 
improvement in naming and language corre-
sponding to decrease in seizure frequency [80, 
81]. Overall, postoperative language and naming 
deficits tend to be less severe and rarer compared 
to memory deficits.

The rationale behind performing SAHC stems 
from the idea that preservation of non-epileptic 
lateral temporal neocortex will prevent postoper-
ative neuropsychological decline, specifically in 
regard to language and naming. Whether patients 
who undergo SAHC instead of ATL actually have 
better neuropsychological function remains a 
subject of debate; some studies show better func-
tional outcomes after SAHC [82–84], while some 
show equivalence [77, 85]. Variability in neuro-
psychological batteries among studies has made 
large meta-analyses difficult.

Postoperative executive function outcomes are 
not as well defined as memory and language 
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effects. Most studies suggest that executive 
function improves after surgery and that this 
improvement correlates closely with seizure 
reduction [86–89]. Overall, despite worsening in 
verbal memory, quality of life measures improve 
after ATL and SAHC, correlating closely with 
seizure freedom and reduction in disabling sei-
zure frequency.

Both ATL and SAHC are safe surgeries. 
Major complications including death, hemipare-
sis, hemianopsia, and cranial nerve injury result-
ing in permanent deficit are rare (<1%). New 
postoperative contralateral superior quadran-
tanopsia is common and results from interrup-
tion of the optic radiations in Meyer’s loop as 
they travel over the temporal horn of the lateral 
ventricle. Quadrantanopsia occurs in up to 
100% of some series but is generally clinically 
silent.

Psychiatric symptoms after ATL include wors-
ening of depressive symptoms, new-onset depres-
sion [90, 91], and occasionally postoperative 
psychosis [92, 93]. Depression often occurs 
alongside MTLE [94]. Along with poor postop-
erative seizure control, depression is a risk factor 
for postoperative psychiatric symptoms [95].

 Stereotactic Laser 
Amygdalohippocampotomy (SLAH)

Stereotactic laser amygdalohippocampotomy 
(SLAH) has recently been developed as a “mini-
mally invasive” approach for destroying mesial 
temporal structures, gaining popularity over the 
past 5  years. Laser interstitial thermotherapy 
(LITT) is a thermoablative technique with grow-
ing applications, thanks to advances in magnetic 
resonance thermography allowing real-time 
monitoring of changes in temperature. 
Stereotactic laser amygdalohippocampotomy 
(stereotactic laser amygdalohippocampectomy is 
also used interchangeably in literature) is a tech-
nique for the treatment of mesial temporal lobe 
epilepsy in which a laser probe heats the sur-
rounding tissue causing a permanent lesion. 
Technical details and general principles of LITT 
are reviewed in Chap. 16.

 Stereotactic Laser 
Amygdalohippocampotomy 
Procedure

For mesial temporal epilepsy, the procedure is 
performed after a standard workup as done for 
ATL or SAHC. The laser fiber assembly is placed 
using whichever stereotactic platform the sur-
geon prefers, including standard skull-mounted 
frame, robotic system, or frameless system. 
There are currently two commercially available 
LITT systems: Visualase Thermal Therapy 
System (Medtronic, Minneapolis, MN, USA) 
and NeuroBlate Laser Ablation System (Monteris, 
Plymouth, MN, USA). The details below describe 
use of the former system.

The trajectory of the laser fiber is along the 
long axis of the amygdalohippocampal complex 
beginning from an occipital entry point 
(Fig. 24.8a). The entry point is chosen to enable 
safe entry to the pial surface of an occipital gyrus, 
avoiding vasculature as visualized using a contrast- 
enhanced MRI. The occipital horn should also be 
avoided when possible to prevent deflection of the 
laser cannula off the ependymal surface. Besides 
standard stereotactic concerns such as vessel 
avoidance, an additional consideration for these 
procedures is planning for thermal spread. Heat 
sinks, including the temporal horn and basal cis-
terns, prevent heat spread into those structures and 
limit thermal damage in those directions.

The patient is positioned according to the ste-
reotactic system used. Some use a supine posi-
tioned with a head turn, others supine beach-chair 
with neck flexed (semi-slouched), and yet others 
a prone position. We use a semi-slouched posi-
tion with a stereotactic robotic system. After prep 
and drape of a small region around the planned 
entry point, a 4 mm stab incision is made, and a 
3.2 mm burr hole is drilled along the planned tra-
jectory. We use a titanium anchor bolt affixed 
with a T-handle wrench to maintain the trajec-
tory. If needed, we pass monopolar cautery 
through a coated probe to open the dura. We mea-
sure and calculate the distance to the planned tar-
get from the bolt and pass a guide rod down the 
trajectory to create a path to target. The 1.6 mm 
laser cannula is then placed through the anchor 
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bolt along the trajectory to the distal (closest to 
temporal pole) part of the planned ablation vol-
ume. A laser with 10  mm diffuser tip is then 
placed into the laser cannula (Fig. 24.8b).

After locking the laser catheter in place with 
the skull anchor bolt, the patient is transferred to 
the MRI scanner, and the catheter is visualized 
with a volumetric scan (Fig. 24.8c). The scanner 
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Fig. 24.8 Stereotactic laser amygdalohippocampotomy 
procedure. The laser cannula trajectory is planned with 
the laser entering in the occipital lobe and traveling down 
the long axis of the amygdalohippocampal complex (a). 
The laser fiber assembly is then placed under stereotactic 
guidance (b). The patient is transported to MRI to obtain 
multiplanar cuts of the laser fiber assembly. This con-
firms proper placement and defines planes for tempera-
ture monitoring (c). Ablation is performed under real-time 

MR thermography monitoring. Composite irreversible 
damage zones (orange) represent the location of the final 
lesion. The laser is pulled back 2 times in order to extend 
the length of the ablation down the long axis of the hip-
pocampus (d). A T1-weighted post-contrast MRI is 
obtained to document the ablation volume and check for 
intracranial hemorrhage (e). (From Youngerman BE, 
et al. [96]. Reprinted with permission from John Wiley 
and Sons)
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is configured to visualize the catheter trajectory 
in one, two, or three orthogonal planes. The 
addition of more planes adds time to each ther-
mal image acquisition. We usually use two 
planes, axial and sagittal. Low-temperature (usu-
ally 45–50  C) and high-temperature (usually 
90 C) safety points are selected. The low limit is 
placed near structures at risk such that the laser 
automatically shuts off before heating those 
structures beyond the point of irreversible cell 
death. The high-temperature limit prevents tis-
sue from reaching evaporation temperatures and 
releasing gas.

Temperature is monitored using fast spoiled 
gradient-recalled echo at several second intervals 
(usually 3–8  seconds depending on how many 
planes are acquired, as mentioned above) to map 
irreversible and cumulative damage zones 
(Fig. 24.8d). The most distal ablation volume is 
performed first, so that subsequent ablations can 
be achieved by incrementally withdrawing the 
laser catheter along the trajectory. After ablation 
of the first volume, the laser cannula is withdrawn 
in approximately 1  cm increments to perform 
subsequent ablations. Three to five serial abla-
tions are usually required along the trajectory of 
the laser to complete the lesion [96]. The poste-
rior extent of the ablation is typically the coronal 
plane of the lateral mesencephalic sulcus or 
quadrigeminal plate. Post-ablation T1 post- 
contrast and diffusion-weighted MRI sequences 
are obtained to document ablation volume 
(Fig. 24.8e). The presence of hemorrhage can be 
assessed with a fast field echo (FFE) or gradient 
echo sequence. After completion of the ablation, 
the laser cannula and anchor bolt are removed, 
and the stab incision is closed with a suture or 
staple. Most patients can be discharged from the 
hospital on postoperative day 1.

Both seizure freedom outcomes and operative 
morbidity are influenced by ablation geometry 
and extent [97–99]. A recent multicenter study 
suggests that extent of ablation of the anterior, 
inferior, and medial structures of the temporal 
lobe play the largest role in determining seizure 
freedom [100]. Increasing amygdala ablation 
volume correlated with improved seizure free-
dom, as did the inclusion of the hippocampal 

head, parahippocampal gyrus, and entorhinal and 
perirhinal cortices. In contrast, ablation of the 
hippocampal body and tail posteriorly, beyond a 
coronal plane at the level of the lateral mesence-
phalic sulcus, was associated with poorer epi-
lepsy control outcomes. Posterior hippocampal 
ablation likely led to worse outcomes because of 
the curvature of the amygdalohippocampal com-
plex. A straight laser cannula generally does not 
allow for both the ablation of the anterior inferior 
medial structures and the posterior hippocampal 
body and tail in one trajectory. Failure to ablate 
enough amygdala is a common pitfall leading to 
poor postoperative seizure control. Most centers 
perform the ablation with one laser; however 
some centers elect to use two laser trajectories in 
cases of severe mesial temporal sclerosis where a 
sharp curvature of the amygdala medially from 
the trajectory of the hippocampus does not allow 
for ablation of the necessary volumes of both the 
hippocampus and amygdala.

Importantly, the ablation trajectory must avoid 
straying too anteriorly putting the trigeminal 
nerve at risk as it enters Meckel’s cave. A supe-
rior ablation trajectory, above the level of the 
choroidal fissure, can cause visual deficit after 
damage to the optic tract. A more posterior abla-
tion can cause a contralateral superior quadran-
tanopsia via damage to the optic radiations [101] 
or contralateral homonymous hemianopsia due to 
damage to the lateral geniculate body.

 Outcomes After Stereotactic Laser 
Amygdalohippocampotomy

Multiple single-institution series of SLAH sug-
gest that seizure freedom rates are approximately 
55–60% (reports range from 38% to 78%) at 
1  year after ablation [96, 98–100, 102–107]. 
These rates improve to 60–89% in patients with 
radiographic evidence of hippocampal sclerosis. 
The largest series to date, a multicenter retrospec-
tive cohort study of 234 patients who underwent 
SLAH for MTLE, reported Engel I outcomes in 
58% at 1 year and 57.5% at 2 years [100]. This 
study showed Engel I or II outcomes in 77.1% 
and 80.2% at 1 and 2  years, respectively. The 
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presence or absence of radiographic hippocampal 
sclerosis did not impact outcome, but patients 
with focal to bilateral tonic-clonic seizures were 
less likely to achieve Engel I outcomes [96].

Overall complication rates occur in approxi-
mately 15–20% of cases [100, 104, 108]. 
Radiographic rates of hemorrhage are approxi-
mately 1–2%, with less than 1% resulting in per-
manent neurologic injury. Visual complications 
including quadrantanopsias or cranial nerve III or 
IV deficits occur in approximately 5% of 
procedures.

Neurocognitive outcomes have also been 
reported in many of these series; however defini-
tive outcomes are difficult to generalize due to 
the small number of patients in each study and 
the range of different neurocognitive measures 
used. As with SAHC, SLAH spares lateral neo-
cortical structures. Preliminary direct compari-
sons of SLAH and ATL suggest that postoperative 
decline in object recognition and naming are less 
for SLAH compared to ATL [109]. Surprisingly, 
selective outcomes suggest that some aspects of 
verbal memory are spared even with ablation of 
language-dominant mesial temporal structures. 
However, the exact nature of the neurocognitive 
effect (e.g., naming, fluency, verbal memory, 
learning) varies from series to series. Some, for 
example, report preservation of verbal memory 
with decline of learning [108], while others 
report relative preservation of learning but 
decline in memory [103]. Larger studies with 
consistent neurocognitive testing are needed to 
clarify the neurocognitive effects of SLAH.

To better characterize the efficacy and side 
effect profile of SLAH, the Stereotactic Laser 
Ablation for Temporal Lobe Epilepsy (SLATE) 
study is an industry-sponsored prospective open- 
label trial of MRI-guided laser ablation using the 
Visualase system that is currently enrolling. The 
trial is scheduled to complete in 2022 after enroll-
ing 150 patients. Endpoints including seizure 
freedom, adverse events, quality of life, and neu-
ropsychological outcomes will be assessed at 
12 months [110].

Considering the body of available early data, 
SLAH appears to be a safe and less invasive 
approach to the treatment of MTLE in patients 

with or without mesial temporal sclerosis. SLAH 
seems to have lower rates of seizure control com-
pared to open surgery (ATL and SAHC). 
However, the morbidity of SLAH appears to be 
lower than open surgery. Additionally, the neuro-
cognitive deficits after SLAH may be milder 
compared to open surgery. The results of the 
SLATE study will allow for a more definitive 
comparison of surgical approaches in the future.

 Other Procedures

While resection of mesial temporal structures 
remains the gold standard surgical treatment of 
MTLE, and ablation continues to gain traction, a 
number of alternatives are available. Stereotactic 
radiosurgery has been under investigation and 
may provide an alternative for patients unable to 
undergo surgical treatment. Additionally, multi-
ple neuromodulation alternatives are now FDA 
approved in the United States for treatment of 
medically refractory epilepsy. These 
 neuromodulation approaches are increasingly 
used in patients who continue to have disabling 
seizures despite mesial temporal resection, 
patients with bilateral mesial temporal epilepsy, 
and patients who may not be candidates for resec-
tive surgery. Finally, hippocampal transection, a 
surgical technique that attempts to disconnect 
mesial structures to stop spread of seizures while 
largely maintaining those mesial structures, was 
developed as an approach to avoid postoperative 
cognitive deficit, but has largely been supplanted 
by ablative and/or neuromodulatory approaches 
and will not be discussed further.

 Stereotactic Radiosurgery

Stereotactic radiosurgery (SRS) can be used as a 
nonsurgical alternative for the treatment of 
MTLE caused by mesial temporal sclerosis. 
Several pilot studies showed remission rates 
ranging from 47% to 85% after marginal radia-
tion doses ranging from 20 to 29 Gy [111–114], 
with safety profiles comparable to anterior tem-
poral lobectomy. Specifically, promising verbal 
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memory outcomes were initially demonstrated 
and were one initial driver for adoption of SRS 
[115]. However, seizure remission after SRS is 
delayed as radiation effects take time, and out-
comes were seen gradually over 12–24  months 
after SRS.  Moreover, seizures sometimes get 
worse before they get better secondary to irrita-
tive effects of radiation.

The Radiosurgery versus Open Surgery for 
Mesial Temporal Lobe Epilepsy (ROSE) trial 
[116], a multicenter randomized controlled trial 
comparing 24 Gy SRS versus ATL for medically 
refractory unilateral mesial temporal lobe epi-
lepsy, failed to show non-inferiority of SRS com-
pared to ATL at 3-year follow-up. The primary 
outcome of seizure remission rate, defined as 
freedom from seizures causing impairment of 
consciousness between months 25 and 36 after 
treatment, was 52% for SRS (n = 31) compared 
to 78% for ATL (n = 27). The trial demonstrated 
immediate efficacy and durability for ATL, with 
81% seizure freedom by 3 months maintained at 
85% seizure freedom during the final 3-month 
block (33–36  months after surgery). For SRS, 
seizure freedom during the first 3  months was 
only 6%, rising gradually over time to 74% dur-
ing the last 3-month study period (33–36 months 
after SRS), re-demonstrating the delayed efficacy 
of SRS. Neurocognitive outcomes were roughly 
comparable between the SRS and ATL arms. 
Importantly, verbal memory outcomes were not 
statistically different between treatment arms, 
and overall quality of life outcomes correlated 
with seizure remission, and therefore quality of 
life improvement was delayed in the SRS arm 
compared to the ATL arm. The ROSE trial sug-
gests that ATL should remain the gold standard 
for treatment of medially refractory MTLE, with 
SRS a possible alternative in patients unable to 
tolerate surgery.

 Neuromodulation

Neuromodulation for epilepsy is discussed in 
detail in Chap. 27. Here we present a short sum-
mary of neuromodulation specifically for 
MTLE.  Presently, there are three categories of 

neuromodulation for epilepsy: vagus nerve stim-
ulation (VNS), deep brain stimulation (DBS) of 
the anterior nucleus of the thalamus, and respon-
sive neurostimulation (RNS). All three of these 
modalities can be applied to refractory MTLE.

VNS has been approved since 1997 for the 
treatment of drug-resistant focal epilepsy. VNS is 
not a first-line treatment for drug-resistant 
MTLE. However, it can be used in populations of 
patients with unilateral MTLE unable to undergo 
mesial temporal resection or ablation, patients 
with unilateral MTLE who continue to have sei-
zures after ATL or SAHC, or patients with MTLE 
of bilateral onset. Exact rates of response in this 
specific population are difficult to determine 
from the literature, but roughly 50% of patients 
with focal epilepsy will achieve a decrease of 
50% or more in seizure frequency at 1 and 2 years 
after VNS implantation [117]. When compared to 
resection, however, these rates are notably infe-
rior, as they are equivalent to an Engel III out-
come. This comparison highlights the preference 
of resection over neuromodulation for those who 
are candidates.

DBS of the anterior nucleus of the thalamus 
(ANT) was approved in the United States in 2018 
after the Stimulation of the Anterior Nucleus of 
the Thalamus for Epilepsy (SANTE) trial [118], 
a multicenter, double-blind randomized trial for 
focal epilepsy, and 5-year follow-up [119] 
showed promising results. The ANT is intimately 
associated with the mesial temporal structures 
through the medial limbic (Papez) circuit. 
Efferent projections to the ANT arise from the 
subiculum and CA1, reaching the ANT through 
the postcommissural fornix or via the mammil-
lary bodies and mammillothalamic tract. The 
ANT also sends afferent projections directly and 
indirectly to the parahippocampal gyrus and hip-
pocampus, leading to a complex network of 
direct and indirect thalamic-to-mesial cortical 
loops [120].

The SANTE trial and long-term follow-up 
reported a median reduction in seizures of 44% at 
1  year and 76% at 5  years for the subgroup of 
patients with seizures of temporal lobe origin. 
These results appear better than those for VNS, 
but again, notably worse than those for resective 
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surgery, as the rate of seizure freedom (Engel I) 
was very low. While median reduction in seizure 
frequency was greater compared to placebo, 
response rate (>50% decrease in seizure fre-
quency) was not significantly different compared 
to placebo (34% active vs. 25% sham, p > 0.05) 
during the 3-month blinded phase. Patients with a 
history of prior resective surgery had median sei-
zure reductions of 53% at 1  year and 67% at 
5 years. Importantly, both the populations of par-
ticipants with temporal epilepsy and the popula-
tion of participants who underwent prior resective 
surgery contained participants with non-MTLE 
epilepsies; however these results serve as guid-
ance for subjects with MTLE for future study. 
Morbidity of ANT DBS include infection (10%), 
lead misplacement (8%), depression (37%), and 
memory impairment (27%) [119]. Importantly, 
the efficacy of DBS appears to increase with time 
and will hopefully get better as refinements are 
made in lead placement and stimulation 
parameters.

The RNS system (NeuroPace Inc., Mountain 
View, CA) is another neuromodulation alterna-
tive for patients with MTLE unable to undergo 
resective or ablative procedures. In contrast to 
ANT DBS, which is an open-loop stimulation 
paradigm applying a constant prescribed dose of 
stimulation, the RNS system employs a closed- 
loop paradigm in which brain activity is recorded, 
and stimulation only occurs if the device detects 
activity suggestive of an oncoming seizure.

RNS leads for MTLE are most often placed 
down the long axis of the amygdalohippocampal 
complex unilaterally or bilaterally. Additional 
subtemporal strips can be placed, also unilater-
ally or bilaterally. Only two leads can be con-
nected to the stimulation device in the current 
version of the system. To date, the strongest data 
for the use of RNS for MTLE comes from a pro-
spective trial of 111 subjects with MTLE [121]. 
Seventy-two percent of the subjects had bilateral 
MTLE, with the remaining 28% with unilateral 
onset. Twelve percent of these subjects had failed 
temporal lobectomy. At 6  years, disabling sei-
zures were reduced by median 67%, and 65% of 
subjects had at least a 50% decrease in seizure 
frequency (Engel III). During the open-label 

period, 45% of subjects had seizure-free periods 
of over 3 months, and 15% had seizure-free peri-
ods of at least 1 year (Engel I). No differences 
were seen between subjects with bilateral vs. uni-
lateral onset, or subjects who had previously 
undergone resective surgery vs. surgerically 
naïve subjects. There was also not a statistically 
significant difference between subjects with 
depth electrodes in the hippocampus and those 
with depth electrodes outside placed more later-
ally outside the hippocampus, although there was 
a trend toward better seizure control with hippo-
campal stimulation electrodes. Side effects 
included implant-site infection (12%) involving 
superficial soft tissue and necessitating device 
explant, device lead damage (6%), intracranial 
hemorrhage (3%), photopsia (14%), transient 
memory impairment (6%), and depression (5%). 
As with DBS, seizure control with RNS improves 
over time after implantation [122] and will likely 
continue to improve as lead placement and stimu-
lation parameters continue to be refined.

While neuromodulation approaches are 
becoming increasingly common, they should not 
be considered replacements for ATL or 
SAHC. The rates of seizure freedom are signifi-
cantly higher for ATL and SAHC compared to 
RNS or ANT DBS.  As such, neuromodulation 
should be reserved for patients who are not can-
didates for ATL/SAHC, or for patients who have 
already undergone resective surgery but continue 
to have uncontrolled seizures.

 Conclusions

Mesial temporal lobe epilepsy is a common focal 
epilepsy syndrome that can be amenable to sur-
gery in properly selected patients. Patient selec-
tion is of utmost importance and requires 
extensive presurgical evaluation by a multidisci-
plinary team. Anterior temporal resection remains 
the gold standard operation, achieving freedom 
from disabling seizures in 70–80% of patients. 
Selective amygdalohippocampectomy remains a 
reasonable alternative, though rates of seizure 
freedom are slightly lower with an unclear neuro-
cognitive advantage over anterior temporal 
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lobectomy. Stereotactic laser ablation is a new 
less invasive technique that has the potential to 
achieve similar outcomes to selective amygdalo-
hippocampectomy. Results of the ongoing trials 
should help clarify the efficacy and neurocogni-
tive effect of laser ablation. Responsive neuro-
stimulation and anterior nucleus of the thalamus 
deep brain stimulation are new tools for patients 
unable to undergo resective surgery and offer an 
option for patients with bilateral onset mesial 
temporal epilepsy. Surgical treatments of mesial 
temporal epilepsy have evolved rapidly over the 
past two decades, and active research continues 
to push the boundary forward.
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Epilepsy: Neocortical

John P. Andrews and Edward F. Chang

Surgery for drug-resistant epilepsy of neocortical 
origin is not as common as is seen for medial tem-
poral lobe epilepsy (mTLE). With more experi-
ence, improving diagnostics, and accumulating 
reports of acceptable rates of seizure control, neo-
cortical epilepsy resections are becoming a more 
prominent tool in the arsenal of epilepsy treat-
ments. Epilepsy arising from neocortical foci is not 
rare when all such cases are considered together, 
and development of surgical expertise in this area is 
necessary to offer a full range of treatment options 
to patients with medically refractory disease.

Neocortical seizures have distinct presenta-
tions, semiology, and management compared to 
medial temporal lobe epilepsy, but overlap is also 
significant. The general principles of drug- 
resistant epilepsy work-up and treatment, how-
ever, hold true: a seizure disorder with a 
discernable, targetable focus should ideally be 
clinically recognized, the anatomic origin of sei-
zures should then be reliably localized, and the 
surrounding indispensable cortex that limits 
extent of resection must be carefully delineated. 
These planning steps, followed by the safe execu-
tion of a surgical plan, are necessary regardless of 
the location of seizure focus.

This chapter will review resective surgery for 
medically intractable seizure disorders arising 
from the neocortex of the temporal, frontal, occipi-
tal, and parietal lobes. While many of these epilep-
tic syndromes do not strictly respect the anatomical 
borders of lobes, such an organization is helpful 
from a surgical standpoint, and the semantics of 
lobular categorization of epilepsy are widely used 
in the literature. Characteristics of seizure semiol-
ogy, common diagnostics, and surgical evaluation 
are considered and presented. Techniques of surgi-
cal resection particular to the lobe or syndrome of 
interest are then reviewed, with a summary of out-
comes related to each form of neocortical epilepsy 
described to conclude each sub-section.

 Temporal Neocortical Epilepsy

 Expression, Diagnosis, 
and Evaluation

Epilepsy arising from the neocortex of the tempo-
ral lobe may be difficult to distinguish clinically 
from that originating in mesial temporal struc-
tures. The descriptions of semiology and symp-
tomatology, including abdominal auras, rare 
somatosensory auras, automotor seizures, and 
progression to tonic-clonic seizures [1–4], have 
been described similarly between the two entities, 
with variable distribution. History of febrile sei-
zures may be more common in mTLE than neo-
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cortical temporal lobe epilepsy (ncTLE) [2, 3], 
and memory may be less likely to lateralize in 
ncTLE [5]. Sensory hallucinations with visual, 
auditory, or vestibular features may be more char-
acteristic of lateral-neocortical seizures than those 
of medial origin [6], but differentiating based on 
such semiology is inconsistent [1, 2]. The strength 
of these associations falls short of allowing for 
definitive diagnosis at the level of individual 
patients (Fig. 25.1).

The similar semiology may arise from the 
spatial proximity and dense interconnectivity 
between the medial and lateral temporal lobe. 
Seizures arising in temporal neocortex may 
spread to involve the medial structures early in 

their evolution, such that unique aspects of a 
distinct neocortical origin are subsumed by 
semiology of mTLE, such as abdominal auras. 
To complicate clinical diagnosis, it has been 
suggested that in order for certain aspects of 
auras and temporal semiology to enter into con-
scious experience, both medial and lateral tem-
poral structures must be involved [1], which 
may add to the difficulty in untangling ncTLE 
syndrome from its more common mTLE 
counterpart.

The dividing line of laterality may not be clear 
for all ncTLE. The continuum of medial vs  lateral 
or ncTLE has been described in some studies of 
temporal lobe epilepsy (TLE) as either medial, 

a

d e f

b c

Fig. 25.1 Neocortical temporal lobe epilepsy. This 
20-year-old man with both partial and generalized sei-
zures had convulsions preceded by an aura of a heavy 
feeling, sometimes dizziness, before losing conscious-
ness. His MRI was normal. (a, b) FDG-PET shows 
reduced radioisotope uptake in the left lateral, posterior 
inferior temporal lobe. (c) The areas of reduced uptake on 
PET co-localize with a 3D reconstruction of dipole and 
distributed source estimates from scalp EEG. (d, e) Two 
subdural grids were placed over the lateral cortex in com-

bination with depth electrodes placed into the amygdala 
and hippocampus. Strip electrodes placed under the sub-
temporal cortex. (f) A left anterior temporal lobectomy 
was carried out with subtemporal extension to include the 
posterior inferior gyrus of the temporal lobe, to which sei-
zures were localized. The left inferior temporal gyrus 
showed focal cortical dysplasia type IIa, while no signifi-
cant pathologic abnormalities were noted in the hippo-
campus or amygdala. At 1-year follow-up, the patient 
remains completely seizure-free
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lateral- neocortical, or medial-lateral on the basis 
of  stereoelectroencephalography (SEEG) [6]. 
The study referenced here found that fear and 
viscerosensory semiologies were significantly 
more common in medial and medial-lateral epi-
lepsies compared with purely lateral and that sen-
sory hallucinations (visual, auditory, vestibular) 
were significantly more common in purely lateral 
TLE.  This comes with the caveat that only 13 
patients made up the lateral TLE subtype and 
these features were not absolute (i.e., there was 
still some crossover in the semiology), except 
that no purely lateral TLE patients reported fear 
at seizure onset.

The pathology underlying intractable ncTLE 
includes lesions of neoplastic origin such as low- 
grade gliomas, glioneuronal lesions, and dysem-
bryoplastic neuroepithelial tumors [7], as well as 
non-neoplastic lesions such as cavernomas and 
vascular malformations, hamartomas, tubers, and 
cortical dysplasias [8]. In MRI-negative, non- 
lesional ncTLE, various types of cortical dyspla-
sia or malformations of cortical development and 
neuronal migration disorders are often detected 
on pathology, though they may be subtle [9], and 
unspecified gliosis is still a commonly reported 
pathology [10–12].

Scalp EEG and MRI may provide the first evi-
dence of cerebral localization pointing to tempo-
ral neocortex in a clinical work-up. Scalp EEG 
cannot provide the detailed margins of epileptic 
foci needed to make surgical resective decisions 
in neocortical epilepsies and is limited in spatial 
recognition to dipoles orthogonal to the surface 
electrodes and involvement of large amount of 
cortex. However, despite such limitations, scalp 
EEG was shown to have localizing value in 74% 
of ncTLE in a large study of surgically proven 
ncTLE, more so than in parietal and occipital 
neocortical epilepsies, while noting that struc-
tural lesions interfered with localizing ability in 
this subset of ncTLE [13].

Multimodal imaging and functional studies can 
be leveraged to provide the localizing value neces-
sary for an effective surgical work-up. Magnetic 
source imaging (MSI), 2-[18F]fluoro- 2- deoxy-D-
glucose-positron emission tomography (FDG-
PET), and ictal single-photon emission computed 

tomography (SPECT) each can contribute value in 
the non-invasive diagnostic work- up, and MSI 
may be of particular value in ncTLE [14]. The 
negative predictive values of each of these modali-
ties in isolation are relatively low, and they have 
only partial redundancy in patients for whom they 
will localize epileptic foci, so a negative result in 
one modality does not mean that an epileptic focus 
won’t be localized effectively by another type of 
study. While resource allocation may not always 
allow for it, diagnostic sensitivity and positive pre-
dictive values would be maximized through serial 
acquisition of these studies, beginning with MSI 
[14, 15].

Intracranial EEG as part of surgical planning 
and epileptic focus localization is recommended 
in patients who are surgical candidates for essen-
tially all ncTLE, particularly those without MRI 
evidence of a structural lesion and those with dis-
cordance of localization between an MRI-
detectable lesion and surface EEG [1, 11, 16]. 
Non-invasive imaging studies, including FDG-
PET, MSI, or ictal SPECT, may aid in guiding 
intracranial electrode positioning and coverage to 
better define ictal-onset zones and prospective 
margins of resection.

 Surgical Resection

The goals of resection in ncTLE are informed by 
the pathology at hand. Three divisions of pathol-
ogy that inform both the goals of surgery and the 
necessary work-up are neoplastic lesional, 
 non- neoplastic lesional, and non-lesional ncTLE. 
Regarding neoplastic lesional ncTLE, while a 
patient’s original presentation may be for epilep-
tic seizures, with seizure freedom as the present-
ing goal, a comprehensive work-up may reveal an 
underlying neoplastic lesion. In such cases, the 
possibility of tumor recurrence will factor into 
goals of surgery and inform the approach, usually 
with the aim of gross total resection in addition to 
seizure control.

The first step in ncTLE operative planning is 
distinguishing this form of epilepsy from 
mTLE.  Semiology and non-invasive epilepsy 
imaging studies are necessary, but may not be suf-

25 Epilepsy: Neocortical



370

ficient for delineation of ncTLE, and  ultimately 
intracranial monitoring provides the most accu-
rate means of distinguishing ncTLE from mTLE 
for proper surgical planning. Scalp EEG and non-
invasive imaging studies such as SPECT and 
FDG-PET can miss or falsely localize extratem-
poral ictal-onset zones [10]. Distinguishing 
medial from lateral temporal lobe ictal onsets can 
be carried out through the use of implanted hip-
pocampal electrodes with simultaneous electrode 
coverage of lateral neocortex. Hippocampal depth 
electrodes can be inserted either at multiple points 
from either a lateral approach, orthogonal to the 
long axis of the hippocampus [6], or as a single 
electrode down the long axis of the hippocampus 
from an occipital approach [17]. An anteromedial 
subdural electrode strip can also be inserted for 
mesial surface coverage [18]. The relative advan-
tage of stereoelectroencephalography (SEEG) 
versus a combination of depth electrodes and sub-
dural grids is an ongoing debate. Subdural grids 
provide excellent spatial resolution to guide neo-
cortical resections and, in combination with depth 
electrodes in the mesial structures, can provide a 
detailed mapping of the cortex for surgical deci-
sion-making around eloquent cortex [16]. SEEG 
has the advantage of high accuracy with stereotac-
tic placement and can be particularly useful in 
patients with dural adhesions that could impede 
optimal placement of subdural strips or grids [16]. 
Complication rates are relatively low with both 
techniques, with SEEG likely being better toler-
ated by patients [16, 19, 20].

In non-neoplastic lesions and non-lesional 
epilepsy of temporal neocortex, resection of tis-
sue generating the patient’s epileptic seizures is 
the primary goal. In lesional ncTLE, the degree 
to which the lesion overlaps with, or abuts, sei-
zure-onset zones will dictate how lesion- focused 
of a resection to perform. Non-lesional ncTLE 
will rely on electrophysiologic and functional 
imaging correlates to delineate the epileptogenic 
zone for resection.

Lesionectomy, lesionectomy plus corticec-
tomy, tailored lesionectomy/corticectomy plus 
resection of mesial structures, lateral temporal 
lobectomy, and multiple subpial transections 
have all been described for the treatment of 

ncTLE [21]. One decision point in the surgical 
treatment of neocortical temporal lobe epilepsy is 
whether to include medical structures in the 
resection. Drawing on literature discussing resec-
tions for tumor-associated epilepsy of the tempo-
ral lobe, outcomes were better with the inclusion 
of medial structures in tailored resections for 
ncTLE [7]. However, the contribution of medi-
ally associated tumors to these datasets versus 
more pure populations of lateral temporal neo-
cortical tumors is difficult to tease out. Analyses 
comparing resective strategies that include 
medial structures to those that exclude them may 
be influenced by the inclusion of tumors of 
medial temporal origin in these datasets, which 
are more likely to have resections including epi-
leptogenic medial structures [22–25]. Inclusion 
of medial structures when seizure-onset zones 
are clearly localized more laterally and there is 
no lesional component to the medial structures 
has also been described [2, 5]. Memory deficits 
are common in surgery for medial temporal lobe 
epilepsy, particularly verbal memory after sur-
gery on the dominant temporal lobe [26, 27]. 
Limiting resections to lateral lesions or corticec-
tomy may avoid much of the memory-related 
morbidity reported with medial resection [28]. 
This presents an argument to avoid more extended 
medial resection when there is no evidence of 
epileptogenicity documented in these structures. 
In addition, high rates of seizure freedom are 
documented in focal neocortical temporal lobe 
resections that spare medial structures to focus 
definitively on the areas of ictal onset [29, 30].

To access the lateral temporal cortex, a reverse 
question-mark incision and a temporal craniot-
omy (in supine positioning with a shoulder bump) 
can provide adequate exposure. The size of tem-
poral craniotomy must be planned so as to expose 
cortical areas to be resected. Minimizing crani-
otomies through keyhole approaches can be lim-
iting when the planned resection extends beyond 
lesionectomy, and if any intraoperative stimula-
tion techniques will be used, the craniotomy must 
account for maximal possible resection [31].

Where the boundary of resection must be 
drawn relative to possible eloquent areas in lat-
eral TLE is another important aspect to incorpo-

J. P. Andrews and E. F. Chang



371

rate into surgical planning. Non-lesional resection 
is best guided by area of ictal onset demonstrated 
on intracranial EEG. A margin of 1  cm around 
the cortical onset site, limited by areas of elo-
quent cortex, can be used to define resective mar-
gins [8, 31]. During corticectomy, care should be 
taken to respect the arachnoid planes of sulci and 
the traversing sulcal vessels they harbor. In addi-
tion, damage to deep white matter tracts should 
be avoided. Diffusion tensor imaging can be 
helpful in preoperative planning to avoid these 
tracts. Corticectomy need not extend deeper than 
2.5–3 cm in the absence of a lesion [31], though 
this is a generality to avoid eloquent white matter 
tracts, and such specific measurements are not in 
and of themselves applicable to all neocortical 
resections nor sufficient to ensure safety of the 
resection. Language deficits are perhaps the most 
feared complications of surgery in the dominant 
temporal neocortex; therefore the utmost caution 
should be practiced when extending such resec-
tions. Because of the variable representation of 
language in the lateral temporal cortex, cortical 
language mapping is often necessary for safe, 
complete resections. Intraoperative direct corti-
cal stimulation techniques may improve safety in 
resections of lesions that appear intimately asso-
ciated with eloquent cortex [32, 33]. Intracranial 
grids have the dual advantage of providing 
detailed information for seizure-onset localiza-
tion as well as language mapping when used in a 
staged fashion.

Approaching lesions or seizure-onset zones in 
eloquent cortex may necessitate non-resective 
techniques either to augment or replace resection 
altogether. Multiple subpial transections is one 
technique that may provide some improvement in 
seizure frequency with less risk of compromising 
indispensable cortex [34, 35]. Responsive neuro-
stimulation of epileptogenic zones is also an 
evolving technique that has been suggested as a 
possible adjuvant to resection when epilepto-
genic zones extend into eloquent cortices [36].

 Surgical Outcomes

Seizure freedom rates for ncTLE epilepsy 
reported in the literature range from 39% to 72% 

(Table 25.1). This broad range may stem from the 
heterogenous pathology underlying the syn-
drome and a lack of standardized resection tech-
niques. An MRI-detectable lesion has been 
associated with higher rates of seizure freedom 
when compared to non-lesional ncTLE in the 
three largest series in the literature [12, 29, 30]. 
Of these studies, Schramm et al. [29] explicitly 
note that medial structures were not included in 
the resection in any of the patients reported. The 
authors defined neocortical temporal lobe epi-
lepsy through the presence of seizure onset in the 
temporal lobe, clearly outside mesial structures 
combined with a lack of MRI-evident mesial 
temporal abnormalities. Thus, ncTLE was 
defined anatomically, relative to surgical indica-
tions, as opposed to syndromic or semiologic 
descriptions. The Engel class I outcome of 79% 
in this study shows that inclusion of medial 
 structures is not a requirement for seizure-free 
outcome in ncTLE.

The types of resection reported by Schramm 
and colleagues were anterior 2/3 lateral lobe 
resection without hippocampectomy (n  =  11), 

Table 25.1 Neocortical temporal lobe epilepsy surgery 
series

Author Year
No. of 
patients

Engel class I 
(%)a

Burgerman [5] 1995 11 72
Pacia [2] 1996 21 n/ab

O’Brien [3] 1996 15 60
Jung [37] 1999 31 68
Lee [8] 2000 23 39d

Schramm [29] 2001 62 79
Lee [10] 2003 22 n/ac

Maillard [6] 2004 8 75
Lee [11] 2005 31 55
Jansky [38] 2006 29 69d

Yun [12] 2006 80 71d

Kim [30] 2010 66 42
Dolezolova [39] 2016 7 42

a Engel class I or a comparable measure of seizure free-
dom where designated
b Only patients that were seizure-free after anteromedial 
temporal lobectomy were included in the study, so rates of 
seizure freedom are not presented
c Only patients with “good seizure outcome,” defined as 
seizure-free or > 90% reduction in seizures, were included 
in the study, so rates of seizure freedom are not presented
d “Seizure-free,” not explicitly Engel class outcome
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corticectomy plus lesionectomy (n = 50), and one 
case of multiple subpial transections (MST). 
Intracranial EEG (iEEG) was undertaken in 26 of 
62 patients reported, with the criteria for an iEEG 
study being any one of the either lack of an MRI- 
detectable lesion, inconclusive surface EEG find-
ings, suspicion of bilateral or extratemporal 
seizure onset, or overlap of suspected epilepto-
genic zone with cortical language areas. Patients 
who underwent iEEG studies had worse seizure 
control as a group after surgery compared with 
patients who did not undergo invasive monitor-
ing. As with other TLE studies, though, this is 
almost certainly a result of the high-risk, poorly 
localized epilepsies making up the population 
selected for iEEG monitoring and the failure of 
thorough monitoring to raise otherwise inopera-
ble epilepsies to the seizure freedom rate of 
patients with better localized seizure foci [36].

Yun et al. [12] report a large study of 193 neo-
cortical epilepsy cases, 80 of which were 
ncTLE. Of these 80 patients, 57 (71%) were ren-
dered seizure-free at 2-year follow-up. In 
lesional cases, invasive monitoring was carried 
out if the lesion was near eloquent cortices, if 
there was suspicion that the lesion was focal cor-
tical dysplasia, or if preoperative studies showed 
discordant features. The surgical resections 
included the ictal-onset zone, areas showing 
interictal spikes along with pathologic delta 
waves (even when no ictal onsets occurred in 
this zone), and excluded eloquent cortex. The 
study grouped together all types of neocortical 
epilepsy, which makes for interesting and pow-
erful observations given the high n, but having 
multiple anatomic constraints and variables 
changing radically for surgery on different lobes 
prevents too many conclusions about ncTLE to 
be drawn. However, it is worthy of note that the 
positive effect of an MRI- detectable lesion on 
seizure outcome was consistent across neocorti-
cal epilepsies.

Kim et al. [30] report a slightly lower overall 
seizure-free outcome rate of 42% at 2-year fol-
low- up. Of note, the cohort of 66 ncTLE patients 
included 9 patients whose ictal intracranial study 
showed rapid spread of seizure activity to the 
mesial temporal lobe, leading to tailored resec-

tion that included hippocampectomy. Those 
patients with and without hippocampectomy did 
not have their respective outcomes reported inde-
pendently, so whether they faired differently after 
surgery is uncertain. The finding that outcome 
was best in patients whose resections included 
tissue to which seizures spread in the first 3 sec-
onds of ictus is interesting from a surgical plan-
ning standpoint and agrees with other studies 
pointing to seizure spread as a marker of epilep-
togenicity [36, 40].

In summary, the concept of neocortical tem-
poral lobe epilepsy as a distinct syndrome is con-
tinuing to develop, and much progress is still to 
be made. Surgically, it should be treated as a 
separate entity from mesial temporal lobe epi-
lepsy, particularly because comparable rates of 
seizure freedom are obtained without disrupting 
mesial structures. With the proper work-up and 
functional mapping, surgery for ncTLE can be 
carried out with high rates of seizure freedom and 
low morbidity.

 Frontal Lobe Epilepsy

 Expression, Diagnosis, 
and Evaluation

Frontal lobe epilepsy (FLE) is the next most 
prevalent anatomically localized epilepsy syn-
drome behind temporal lobe epilepsy [41, 42]. 
Frameworks for categorization of FLE semiology 
include breaking FLE into complex partial, focal 
motor, and supplementary motor seizures, though 
such divisions are not absolute, and significant 
overlap exists between these types [43–46]. Focal 
motor seizures begin with contralateral extremity 
clonic activity, while consciousness is main-
tained. Seizures of the supplementary motor area 
(SMA) are typically characterized by mutism, 
blank staring, and asymmetric, tonic posturing. 
Complex partial seizures, sometimes referred to 
as psychomotor seizures in the literature, consist 
of unresponsiveness in their early phase, with 
staring spells and contraversion, during which 
bipedal movements and vocalization are also 
described [44, 46] (Fig. 25.2).
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Fig. 25.2 Frontal lobe epilepsy. This 18-year-old man 
had moderate developmental delay and multiple seizures 
daily. One type of seizures started with a “fuzzy feeling,” 
and the patient would curl into a ball, making grunting 
noises. His second type of seizures began with an over-
whelming anxiety, sometimes a falling feeling, progress-
ing to loud vocalizations and flinging of arms. Postictally 
he would be confused and aphasic for hours. (a, b) T2 
MRI sequences showing a transmantle cortical dysplasia 
(arrows) in the left anterior inferior frontal gyrus, extend-
ing toward the frontal horn of the left lateral ventricle. (c) 

Axial CT and (d) lateral plain film show two subdural 
grids placed over the anterolateral cortex of the left frontal 
lobe. Seizures co-localized with the MRI findings, and 
subsequently an anterior frontal pole resection was carried 
out. (e) Axial T2 and (f) sagittal FLAIR MRI showing 
adequate resection of the lesion. Intraoperative electrocor-
ticography was placed and monitored for 20 minutes after 
resection, showing no further evidence of epileptiform 
discharges. The pathology confirmed focal cortical dys-
plasia type IIb. The patient has been seizure-free since 
surgery
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A number of anatomic features of the frontal 
lobe and electrophysiologic features of FLE sei-
zures complicate characterization and localiza-
tion. Anatomic barriers include the size of the 
lobe, making up over a third of total cortical vol-
ume in humans, such that surface electrodes must 
draw from deep cortical folds that are densely 
interconnected. When surgical planning is depen-
dent on localizing discrete epileptic foci, such 
attributes may contribute to historically lower 
rates of seizure freedom than temporal lobe epi-
lepsies [42, 47]. The brevity of frontal lobe sei-
zures and their rapid spread are also noted 
throughout the literature, as well as complex 
motor movements and more uniquely emotional 
and sexual semiology [44, 45, 48]. The dense 
white matter tracts and cortico-cortical connec-
tions may serve as the underlying neurophysiol-
ogy contributing to early descriptions of frontal 
lobe seizures as rapidly spreading entities. 
Intuitively, rapidly spreading ictal activity on 
SEEG has been shown to correlate with poor sei-
zure outcome in surgery for FLE [49].

In regard to classification schemes to correlate 
semiology with anatomy, one interesting study 
used SEEG recordings to group semiology to an 
anatomical rostral-caudal distribution [50]. 
Semiologic signs were carefully defined, the sei-
zures were reviewed and categorized, and then 
principle component analysis was used to group 
together semiology and anatomic localization 
that appeared to occur together more often than 
chance. These techniques resulted in four groups 
of FLE seizures. Seizures of group 1 were most 
caudal in origin, with involvement of the precen-
tral gyrus and Rolandic operculum. Lateral and 
medial premotor cortices were also sometimes 
involved. Group 1 seizures were characterized by 
elementary motor signs such as contralateral 
tonic posturing, version, clonic signs, and facial 
asymmetric contractions. These seizures lacked 
emotive features or gestural behavior. Group 2 
seizures were associated with prefrontal and pre-
motor regions. Elementary motor signs, such as 
symmetric axial tonic posture and facial contrac-
tions, as well as nonintegrated gestural motor 
behavior were the semiology of this group. Group 
3 seizures showed early spread involving rostral 

prefrontal ventrolateral and rostral cingulate 
gyrus. Seizure activity simultaneously of both 
anterior cingulate and prefrontal ventrolateral 
regions was seen either at onset or as a result of 
lateral-to-medial seizure spread. Group 3 semiol-
ogy included nonintegrated gestural motor 
behavior without elementary motor signs, distal 
stereotypies. The absence of elementary motor 
signs was a significant marker of this group. 
Group 4 seizures presented with gestural motor 
behavior of fear, sometimes with attempt at 
escape or physical aggression, as well as scream-
ing, swearing, and autonomic signs. Like group 
3, there were no elementary motor signs associ-
ated with this group. Anatomic localization of 
group 4 was orbital and prefrontal, with spread to 
anterior temporal cortex and amygdala, but not to 
lateral frontal cortex.

This rostro-caudal axis of semiologic organi-
zation is attractive in that it reflects a hierarchical 
understanding of frontal lobe function [51]. The 
divisions are less strict categorizations than an 
organizational gradient, which may nonetheless 
be helpful in attempts to localize based on semi-
ology. While the rostro-caudal gradient appears 
robust, the seizure spread along a lateral-to- 
medial axis makes hard distinctions along this 
axis less clear, with medial prefrontal cortex pos-
sibly acting as a common pathway for seizures of 
lateral onset.

 Surgical Resection

Surgical resection is carried out with the goal of 
resecting seizure-onset zone. Since semiology 
can represent either onset or areas of propaga-
tion, ignoring areas of cortex with more subtle or 
silent features, the semiology-based localization 
described above should not be confused with 
seizure-onset localization sufficient for guiding 
surgical resection. While frontal lobectomy is an 
option, a targeted surgical work-up will often 
uncover sublobar foci by which to direct surgical 
management. The lack of standardized frontal 
lobe resections comparable to anterior temporal 
lobectomy leads to a more varied approach to 
frontal lobe epilepsy surgery. The approaches can 
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be categorized mostly as either medial or lateral, 
depending on how the epileptic focus can be 
accessed.

Regarding access to the medial frontal lobe, 
such as to approach supplementary cortex 
(SMA), dorsal anterior cingulate gyrus, and pre- 
SMA targets, a bicoronal incision with unilateral 
frontal craniotomy may be used, with supine 
positioning. The cingulate gyrus and corpus cal-
losum can be used to track to ventral cingulate 
gyrus areas with this approach. A technical note 
to be aware of is the position of the ventral limit 
of the falx relative to the corpus callosum. The 
falx does not lie flush with the corpus callosum. 
More anteriorly on the falx, there is a significant 
space between these two structures, and inter-
hemispheric arachnoid adhesions exist. These 
adhesions necessitate dissection for proper 
access. These can impede the advancement of 
subdural strips into these interhemispheric areas. 
A potential danger of dissection in these inter-
hemispheric cortices is damage to the pericallo-
sal and callosomarginal branches of the anterior 
cerebral arteries. Direct visualization or meticu-
lous subpial dissection should be utilized to avoid 
these en passage vessels.

Delineating areas of the precentral gyrus cor-
responding to leg and foot function using motor 
mapping can aid in avoiding unnecessary mor-
bidity when resections extend near to this region. 
Just rostral to the leg areas lies the SMA, resec-
tion of which leads to an SMA syndrome. The 
syndrome involves apraxia, or difficulty initiat-
ing spontaneous movement in contralateral 
limbs, and increased or preserved tone. Speech 
deficits such as akinetic mutism may also present 
when the lesion involves SMA of the dominant 
hemisphere. These primary deficits are usually 
temporary, although they take weeks to resolve, 
and some exam findings such as alternating 
bimanual movements can persist [52–55]. 
Deficits resulting from damage to primary motor 
cortex, on the contrary, are less likely to recover, 
so it is important to differentiate between the two 
possible etiologies for postoperative deficits. 
Boundaries of the SMA are the cingulate gyrus 
medial inferiorly and the precentral sulcus poste-
riorly. While the anterior border lacks easily 

identifiable anatomic demarcation, the pre-SMA 
lies at this margin, generally anterior to a vertical 
plane through the anterior commissure [54]. In 
contrast to the SMA, the pre-SMA lacks large 
white matter tract connections to primary motor 
cortex and is thought to be more involved in cog-
nition and non-motor tasks [52, 56].

Lateral approaches to frontal lobe foci can be 
taken through a pterional craniotomy for ventral 
frontal lobe areas. Frontal craniotomy is suited 
for dorsal lateral frontal areas. The dominant 
hemisphere’s language areas should be identified 
using language mapping to avoid these eloquent 
regions. While there is considerable heterogene-
ity in language localization [33], speech arrest for 
identifying speech production areas (Broca’s) is 
often localized to pars opercularis or precentral 
gyrus. Pars triangularis also may localize for 
naming arrest [57].

 Outcomes

Seizure freedom after frontal lobe epilepsy sur-
gery trends lower than that for medial temporal 
lobe epilepsy, averaging just over 50% in the 
studies reviewed here (Table  25.2) [47]. 
Etiologies are similar to other neocortical epilep-
sies, including focal cortical dysplasia, neo-
plasms, vascular lesions, and a spectrum of 
gliotic changes, as well as normal tissue without 
identifiable pathology. Seizure foci resections in 
the frontal lobe can be limited by SMA, precen-
tral gyrus, and dominant hemisphere language 
areas. From a cognitive perspective, aside from 
short-term deficits from SMA involvement, fron-
tal lobe resections are often well-tolerated [58]. 
The variety of pathology, variability of follow-
 up, and differing methods of resection likely con-
tribute to the range of postoperative seizure 
freedom rates shown in Table 25.2.

As with other neocortical epilepsies, factors 
that are associated with more localized foci of 
epileptogenesis are associated with better out-
come. The nature of this focality on preoperative 
assessment is somewhat variable between stud-
ies. Most large studies find that an MRI- 
localizable lesion is associated with better seizure 
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outcome, but this is not universal. One recent 
study by Bonini et al. [79] included 42 patients, 
38 of whom underwent intracranial monitoring 
with SEEG. The authors found no difference 
between seizure outcomes of MRI-negative vs 
MRI-positive epilepsies, instead stating that 
completeness of resection of the epileptogenic 
zone is the most significant marker of outcome. 
The relevance of this of course depends fully on 
the preoperative definition of the epileptogenic 
zone, since theoretically full resection of the epi-
leptogenic zone would by definition render a 
patient seizure-free. In this study, the authors 
define the epileptogenic zone visually, as well as 
using a quantitatively calculated index called the 
epileptogenicity index, which heavily weights 
the latency to an area showing ictal activity after 
ictal onset [82]. Lazow et al. [77] is another study 

that did not find a MRI localizability of a lesion 
to be associated with seizure outcome (57% were 
seizure-free at last follow-up). The relatively 
high rate of intracranial EEG in the study (89.6%) 
mirrors that of Bonini et al., which could in the-
ory be affecting the contribution of MRI findings 
to surgical outcome.

In other large studies of frontal lobe epilepsy 
surgery with long-term follow-up, lesion on MRI 
did predict outcome. Elsharkawy et al. [75], in a 
series of 97 patients operated on for FLE, found a 
well-circumscribed lesion to be predictive of 
long-term seizure outcome. The reported seizure 
outcome at 2, 5, and 14 years in this study was 
49.5%, 41.9%, and 41.9%, respectively. Kim 
et al. [76] also found that MRI localization of the 
epileptic focus was a predictor of outcome in 
their series of 76 patients who underwent frontal 
lobe resection. Jeha et al. [73] and Xu et al. [80] 
also share the finding correlating MRI abnormal-
ities with seizure control.

Englot et  al. [47] performed a systematic 
review and meta-analysis of frontal lobe epi-
lepsy resections, which took into account 21 
studies covering the surgeries of 1199 patients. 
The overall seizure freedom rate after frontal 
lobe resections in this meta-analysis was 45.1%. 
Identification of a focal lesion and abnormality 
on MRI were predictors of outcome. Within the 
lesional epilepsy subgroup, gross total resection 
was a significant predictor of outcome. The run-
ning thread through all of these studies is the 
focality of the epileptic zone is important for sur-
gical planning and guiding resection in this large 
lobe of the brain with dense interconnectivity. 
The more complete the resection of the epileptic 
zone, the more likely such a resection is to 
achieve stable seizure freedom postoperatively.

 Occipital Lobe Epilepsy

 Expression, Diagnosis, 
and Evaluation

The characteristic semiology of occipital lobe 
epilepsy (OLE) centers around visual symptoms, 
with the earliest documentation of such seizures 

Table 25.2 Frontal lobe epilepsy surgical series

Author Year
No of 
patients

Engel class I 
(%)a

Rasmussen [59] 1991 253 27
Rougier [60] 1992 23 42
Talairach [61] 1992 100 55b

Fish [62] 1993 45 20c

Laskowitz [43] 1995 16 63
Smith [63] 1997 49 53
Swartz [64] 1998 26 38
Wennberg [65] 1999 25 60
Ferrier [66] 1999 37 32
Mosewich [67] 2000 68 59
Jobst [68] 2000 25 64
Zaatreh [69] 2002 37 35
Kloss [70] 2002 18 78
Luyken [71] 2003 25 80
Tigaran [72] 2003 65 49
Yun [12] 2006 61 39
Jeha [73] 2007 70 30
Lee [74] 2008 71 54
Elsharkawy [75] 2008 97 42
Kim [76] 2010 76 55
Holtkamp [49] 2012 25 60
Lazow [77] 2012 58 55
Ramantani [78] 2017 75 63
Bonini [79] 2017 42 57
Xu [80] 2019 82 52
Morace [81] 2019 44 68

a Comparable measure of seizure freedom
b “Practically cured” of epilepsy after surgery
c Good outcome by Rasmussen score
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describing shining or flickering lights, as well as 
loss of sight [83, 84]. Compared with temporal 
and frontal lobe epilepsy, epilepsy originating 
from foci in the occipital lobe is relatively rare, 
commensurate with the smaller size of the occip-
ital lobe. OLE typically makes up a minority 
when large series of neocortical epilepsies are 
subdivided anatomically [11, 30]. The pharmaco- 
resistant forms of OLE, with their distinctive 
visual auras and semiology, are becoming better 
understood, and patients with this disease may be 
surgical candidates with good rates of postopera-
tive seizure control.

In a classic series of 25 patients with OLE, 
Williamson et  al. describe the key localizing 
symptoms and signs as elementary visual halluci-
nations, ictal amaurosis, sensations of eye move-
ment, and fast, early blinking symptoms [85]. 
The rapid ictal eye blinking in particular may be 
a helpful though insensitive clue to suspect 
occipital lobe epilepsy [86]. The elementary 
visual hallucinations involved flashing white or 
colored lights, as well as steady light less com-
monly. The later characteristics of seizures, 
occurring longer periods after onset of ictus, and 
which include visceral epigastric sensations, ver-
tigo, and complex visual hallucinations (faces or 
scenes), were attributed to seizure spread outside 
the occipital lobe. This spread can be problematic 
in skewing the diagnosis of OLE by making these 
seizures appear as if they are temporal or frontal 
in origin [85, 87].

The preponderance of visual symptoms, par-
ticularly elementary visual hallucinations, contin-
ues to be described in more recent series with 
remarkable similarity to earlier literature [87–89]. 
If the seizures in questions are complex partial 
seizures, the impaired awareness or conscious-
ness may interfere with a patient’s ability to 
remember and report accurately on the nature of 
his or her auras and seizure semiology. Studies 
have also found that visual hallucinations are not 
specific to OLE, also being reported in seizures of 
the temporal-occipital junction and in posterior 
temporal lobe seizures [90]. Again, spread to 
nearby contiguous anatomic structures likely 
plays a part. Complex visual hallucinations such 
as faces or scenes tend to involve areas  outside of 

the occipital lobe either in addition to or instead of 
the occipital lobe primarily [90]. Neither surface 
EEG nor semiology can be relied on for definitive 
diagnosis of OLE because of these commonly 
mixed pictures and the dense white matter tracts 
connecting temporal and occipital lobes. The 
inferior longitudinal fasciculus likely serves as a 
tract to spread seizures between occipital and 
temporal lobes, causing semiology that may be 
identical to that of temporal lobe epilepsy. The 
superior white matter tracts provide an easy 
explanation for motor aspects of seizures in OLE 
that can mimic frontal lobe epilepsies [85]. 
Parietal-occipital, temporal- occipital, and purely 
occipital lobe seizures are sometimes grouped 
together as “posterior cortex epilepsy” as a means 
to discuss the similar  clinical characteristics and 
fluid anatomical localization, while elsewhere 
these entities are referred to as occipital “plus” 
epilepsies [91–93]. Differentiating OLE from 
temporal lobe epilepsy is an important part of the 
diagnostic process, and OLE should be consid-
ered and ruled out in any possible surgical candi-
date with visual symptoms and/or EEG change in 
the occipital areas [94, 95].

The pathology causing OLE is similar in 
breadth to other neocortical epilepsies. Neoplasias 
such as dysembryoplastic neuroepithelial tumors 
and gangliogliomas, glial scarring, cortical dys-
plasias, and vascular malformations all appear as 
players in the underlying histology of larger 
series of OLE [91, 96, 97]. The more focal, cir-
cumscribed of these lesions will be less likely to 
require as many methods of imaging and evalua-
tion to effectively plan for and diagnose. As men-
tioned previously, interictal scalp EEG cannot be 
relied upon for localization because of the high 
likelihood of appearing temporal in origin, while 
the information provided on MRI often ends up 
being the most useful depending on the lesion 
and pathology. That being said, MRI-negative 
OLE may still be effectively localized using a 
combination of techniques. Positron emission 
tomography (PET) [86] and ictal subtraction 
single- photon emission computed tomography 
(SPECT) [98] and magnetoencephalography 
(MEG)/magnetic source imaging (MSI) [97, 99, 
100] are all useful in characterization of possible 
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epileptogenic foci. Concordance of these studies 
can effectively guide intracranial electrode place-
ment and may provide non-overlapping informa-
tion on areas of potential epileptogenicity 
[100–102].

In addition to visual hallucinations and semi-
ology, visual field deficits are common in patients 
with OLE. As such, a formal visual field work-up 
should be assessed prior to any resective surgery. 
The current state of a patient’s visual function 
must be carefully considered when planning sur-
gery and possibilities of its deterioration dis-
cussed and considered between patient and 
surgeon. When the occipital lobe has been 
unequivocally localized as the seizure-onset zone 
and a patient already has a homonymous hemi-
anopia, occipital resection can be pursued with 
more vigor. When the imaging or functional stud-
ies are less convincing as to the location of the 
lesion, or when there is significant overlap 
between epileptogenic foci and primary visual 
cortex in a patient with intact vision, an intracra-
nial study is more likely to provide helpful infor-
mation in the surgical planning process.

A sound intracranial study is one that answers 
the questions raised by non-invasive studies, as 
well as the questions that can be answered in no 
other way. Questions of laterality or of the 
involvement of the occipital lobe at all in the epi-
lepsy syndrome must be approached with broad 
coverage sufficient to rule out either lobe in its 
entirety. Depth electrodes and SEEG can be use-
ful in capturing information along comparatively 
large volumes of lobes. MRI-negative OLE often 
may present an important dilemma where intra-
cranial electrodes should be positioned in a way 
such that they cross projected resective margins, 
such as where along the occipital-temporal or 
occipital-parietal junctions a margin of resection 
should be drawn. The involvement of mesial tem-
poral structures may be of concern when seizures 
show elements of temporal lobe origin. The pos-
sibility of including medial structures can be 
evaluated by using hippocampal depth electrodes, 
either down the long axis of the hippocampus 
from an occipital approach or laterally at inter-
vals through temporal entry sites [16]. Strips can 
also be used for medial temporal coverage, 

depending on the planned approach and coverage 
necessary for the intracranial study [18]. Extent 
of coverage involving all three occipital lobe sur-
faces may contribute to seizure control postoper-
atively [88]. Subdural strips or grids can offer 
detailed anatomic distribution along surface cor-
tex. Interhemispheric subdural grids may be most 
useful in patients with intact vision and questions 
remaining as to which aspects of the visual cortex 
are involved in epileptogenesis. Visual function 
must be addressed with the same rigor that one 
would address language sites, and many of the 
same tenets hold true. Stimulation mapping using 
subdural interhemispheric grids is a useful way to 
delineate eloquence in visual cortex and optimize 
functional outcome.

 Surgical Resection

A critical aspect of surgical resections in the 
occipital lobe is the visual status of the patient. 
This aspect cannot be overemphasized in plan-
ning and executions of optimal resection. A bal-
ance between optimal seizure control and 
avoiding new visual deficits can be precarious. 
While a superior quadrantanopia may be toler-
ated well in exchange for seizure freedom, infe-
rior quadrantanopia may present a new and 
ever-present handicap that could detract from 
quality of life gained in the reduction of seizure 
rates. In addition, it should be considered that 
any new deficits in visual function may of 
course come without seizure freedom. Patients 
may be under the impression that the more of a 
deficit to which they are willing to agree, the 
greater seizure freedom they can expect, but 
this may not always be the case, as OLE resec-
tive seizure outcome is less consistent in com-
parison to TLE surgery [103]. The prospect of 
severe visual impairments like a new hemiano-
pia should be enough to discuss withholding 
resective options in certain cases when the risk-
benefit ratio is too high. In any case, the sur-
geon should be cognizant of visual pathway 
projections during any occipital resections 
where preservation of function or any visual 
quadrant is sought after.
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The resection should be tailored to the lesion 
or epileptic zone delineated in each patient, 
together with the goals for visual field preserva-
tion. Care should be taken to avoid subcortical 
projections of the visual pathways as well as the 
superficial primary visual cortex. Intracranial 
EEG data may be used to guide extension of 
resections beyond the occipital lobe into tempo-
ral or parietal areas. These resections are carried 
out with standard microsurgical procedure. 
Electrocorticography can be an effective tool to 
guide surgical resection, as has been demon-
strated in select series [96, 104, 105].

A decision with major impact on surgical 
planning is that of whether to include mesial tem-
poral structures in an occipital resection. It is not 
uncommon for resections for OLE to extend into 
multiple lobes [94], but rigorous comparisons 
evaluating added benefit of including mesial tem-
poral structures with occipital resections are 
lacking [88]. Moreover, in contrast to resections 
of the lateral temporal cortex discussed elsewhere 
in this chapter, the significant distance between 
these occipital foci and mesial temporal struc-
tures may require staged operations or undue 
additive technical and morbidity burden. Large 
occipital-temporal resections that take place in 
the dominant hemisphere bring language and 
language-related pathway interconnections into 
consideration. Alexia without agraphia due to 
damage to interhemispheric connections in the 
splenium corpus callosum in patients with domi-
nant temporal lobe damage is another possible 
deficit that could be precipitated by extending 
resections. Care should be taken to avoid connec-
tions between the occipital lobes and dominant 
temporal structures that may precipitate such 
deficits. Image guidance during occipital lobe 
epilepsy surgery may be a helpful adjunct when 
working with pathology in this lobe.

 Surgical Outcomes

Occipital lobe epilepsy resections are not as com-
mon as temporal or frontal lobe epilepsy surgery, 
nor are there gold standards for resection tech-
niques, so outcomes have more variability and 

can be predicted with less certainty. Series from 
the last 10 years, however, tend to average over 
50% seizure freedom after at least 1 year of fol-
low- up (Table  25.3). A systematic review and 
meta-analysis of posterior quadrant epilepsy by 
Harward et al. [103], which considered data from 
584 patients from studies with 6 to 52 patients 
per study, found that 65% of OLE patients were 
reported to achieve seizure freedom after surgery. 
Younger patients and abnormal MRI were both 
associated with higher likelihood of being 
seizure- free. Fifty-seven percent of patients 
showed some degree of visual decline after OLE 
surgery. These are perhaps the best cumulative 
representation of OLE outcome data in the litera-
ture, but individual studies provide a nuanced 
look at important aspects of these surgeries, par-
ticularly with regard to visual outcome.

A recent series of 42 patients—large with 
respect to OLE literature—was reported by Heo 
et al. [116], describing a seizure freedom rate of 

Table 25.3 Occipital lobe epilepsy surgical series

Author Year
No of 
patients

Engel class I 
(%)a

Rasmussen [106] 1975 25 26
Wyler [107] 1990 14 50
Blume [108] 1991 16 32
Salanova [84] 1992 23 41
Williamson [85] 1992 16 88
Bidzinski [109] 1992 12 83
Aykut-Bingol [110] 1998 35 46
Sturm [111] 2000 6 50
Boesbeck [93] 2002 42 48b

Kun Lee [112] 2005 26 62
Dalmagro [91] 2005 44 65
Caicoya [113] 2007 7 71
Binder [96] 2008 52 69
Tandon [86] 2009 21 81
Jehi [114] 2009 11 89
Jobst [88] 2010 14 50
Ibrahim [97] 2012 41 51
Sarkis [115] 2012 35 69b

Appel [94] 2015 19 42
Yang [87] 2015 35 71
Marchi [92] 2016 18 55
Heo [116] 2018 42 64

a Comparable measure of seizure freedom
b Posterior cortex epilepsy, involving overlap with 
occipital- temporal and occipital-parietal foci
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64%. The authors provide a detailed analysis of 
visual outcomes using a standardized assessment 
of visual function (the National Eye Institute 
Visual Function Questionnaire 25 or NEI- 
VFQ- 25) and subsequently correlated these find-
ings with anatomic resection areas [117, 118]. In 
this study, 61% of patients either developed new 
visual field defects or had worsening of existing 
visual field defects. Intuitively, in patients who 
started with either normal vision or isolated qua-
drantanopia prior to surgery, resection of primary 
visual cortices was associated with new or wors-
ening visual defects. Moreover, patients with 
hemianopia showed significantly worse visual 
function scores compared to patients in the qua-
drantanopia or normal vision group. Of the 33 
patients who had normal vision or quadran-
tanopia prior to surgery, 9 patients had normal 
vision, and 10 had quadrantanopia following 
occipital resection, suggesting more than half of 
patients can undergo OLE surgery and have good 
visual outcome. In addition, the study identified 
areas of the lateral occipital cortex (LO1 and 
LO2) [116]—located in the lateral occipital cor-
tex, with LO2 anterior to LO1—whose resection 
was associated with decline in peripheral vision 
and vision-specific role difficulties (LO1) and 
general vision (LO2) through correlating resec-
tion maps with the NEI-VFQ-25 visual function 
questionnaire.

A slightly more cautionary piece of data 
comes from an earlier series of Kun Lee et  al. 
[112], where of 18 patients who had intact vision 
preoperatively, only 1 retained normal vision 
after surgery. These studies from overlapping 
time points at the same institution may represent 
a progression toward better preservation of vision 
over time but also emphasize the range of out-
come and comparative paucity of data within the 
OLE outcome literature. The Binder [96] and 
Tandon [86] series report roughly half of patients 
experienced new or worsened visual deficits fol-
lowing OLE surgery.

These data taken together support the role of 
surgery for OLE for achieving satisfactory rates 
of seizure freedom. Rates of new or worsened 
visual deficits are also high, however, and patients 
should be counseled as to this trade-off.

 Parietal Lobe Epilepsy

 Expression, Diagnosis, 
and Evaluation

Parietal lobe epilepsy (PLE) is variable in its pre-
sentation and can be difficult to localize because 
of non-specific semiology. Perhaps for these rea-
sons, PLE resections are the least commonly 
 performed epilepsy resections [119–121]. 
Descriptions of syndromes of PLE most often 
center on somatosensory semiology, with other 
aspects less clearly defined [122]. While the ante-
rior border of the parietal lobe at the central sulcus 
is clear, the parietal-occipital sulcus is most appar-
ent on the medial aspect of the hemispheres, and 
laterally the lobe’s temporal-parietal junction is 
anatomically indistinct. Just as the post-central 
gyrus is perhaps the clearest anatomical margin of 
the lobe, the somatosensory auras with elemen-
tary sensory semiology stemming from that area 
are the most well-defined characteristics of PLE, 
while fast spread to other cortical areas elicits 
symptoms that may falsely localize [122–125]. 
Primary somatosensory cortex seizures often 
present with contralateral paresthesias, numbness, 
and tingling, though many different sensory phe-
nomenon can occur, even within the same patient 
[124, 126]. The seizures may spread along the 
affected limb, mimicking the spread of ictal dis-
charges through its homuncular representation on 
the sensory cortex. Somatosensory areas of the 
parietal operculum (second sensory area or SII) 
may also take part in sensory auras of PLE.  In 
contrast to primary somatosensory cortex sei-
zures, which are typified by contralateral focal 
sensory symptoms, SII seizures are characterized 
by more widespread, bilateral, axial symptoms of 
numbness, tingling, or pain [126, 127]. Ictal sen-
sory phenomenon similar to SII semiology has 
also been described in areas of the parasagittal 
and inferior parietal cortex [128, 129].

While the sensory aspect of parietal seizures 
may be the most distinctive element, sensory 
phenomena do not accompany all PLE seizures, 
nor is somatosensory semiology specific for pari-
etal lobe localization. In a study of 600 patients 
with drug-resistant epilepsy who  consecutively 
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underwent video-EEG monitoring, somatosen-
sory auras were reported in 75 (12.5%) [129]. Of 
those 75 patients reporting somatosensory auras, 
tingling was the most commonly reported symp-
tom in 58 (77%), with other symptoms described 
as a sense of pulling in 6 (8%), numbness in 4 
(5%), cold/heat in 4 (5%), pain in 2 (3%), and 
sense of movement in 1 (1%). Parietal lobe was 
the most common area of localization with a third 
(32%) of these patients showing MRI localizing 
in the parietal lobe, but lesions in the fronto- 
central (22%) and temporal (13%) regions were 
also found, the rest being non-lesional (20%) 
and  near the vertex (6%) or frontal operculum 
(5%) [129].

Sensory phenomena are reported in roughly 
half of patients with drug-resistant PLE [122, 
130, 131]. In Williamson et  al.’s description of 
drug-resistant PLE, 4 of 11 patients showed con-
tralateral sensory auras, while in a more recent 
series of 40 patients with isolated parietal resec-
tions, 20/40 patients had somatosensory auras 
[119]. Multiple types of aura are may be observed, 
with some patients reporting three or four differ-
ent types [119, 132].

Different seizure types are reported with vari-
able frequencies, prominent types being focal 
motor seizures [133] and complex partial sei-
zures [122, 123]. Often more than one type of 
seizure in a single patient is reported [123, 133]. 
The largest series of PLE resections is reported 
from the Montreal Neurological Institute as the 
experience of the Institute from 1929 to 1988 
[134, 135]. In these series, motor characteristics 
were common, as 57/82 (70%) of patients with 
non-tumoral and 28/34 (83%) with non-tumoral 
PLE reported focal motor seizures. Other com-
mon seizure characteristics were tonic posturing 
and oral-gestural automatisms. Todd’s paralysis 
occurred in 22% of non-tumoral and 18% of 
tumoral PLE. Most patients showing tonic pos-
turing (61%) had epileptogenic zones that 
included the superior parietal lobule (SPL), sug-
gesting that seizures in the SPL may preferen-
tially spread to supplementary motor cortex. On 
the other hand, patients with oral or gestural 
automatism were more likely to have epileptic 
zones that included the inferior parietal lobule 

(79% of such patients), suggesting preferential 
spread to temporal structures and the limbic sys-
tem from these foci [120, 134, 135].

The localizing ability of scalp EEG in PLE is 
limited, with falsely localizing or non-localizing 
commonly reported, while MRI is invaluable for 
localization of lesions in the parietal lobe [122, 
123, 132]. The larger series of PLE since MRI 
came into clinical use have found the most com-
mon pathologies underlying drug-resistant PLE 
to include low-grade tumors (such as gangliogli-
omas, dysembryoplastic neuroepithelial tumors, 
and oligodendrogliomas), cortical dysplasias, 
non-specific gliosis, and, less commonly, vascu-
lar lesions and hamartomas [119, 123, 133, 136]. 
The role of non-invasive imaging modalities 
including PET, ictal SPECT, and magnetoen-
cephalography (MEG) or magnetic source imag-
ing (MSI) is similar to that in other neocortical 
epilepsies [14, 15, 102]. MSI may be particularly 
valuable in picking up dipoles undetectable by 
scalp EEG and also has the advantage of being 
able to be used in conjunction with the measure-
ment of somatosensory evoked potentials to map 
sensory cortex prior to surgery [137, 138]. 
Intracranial EEG, whether using subdural grids/
strips, SEEG, or a combination of depth and sub-
dural electrodes, remains the gold standard for 
localization of seizure-onset zone, particularly in 
cases of non-lesional PLE or when non-invasive 
imaging studies show discordance or multifocal 
localization.

 Surgical Resection

Surgical resection of parietal lobe epileptogenic 
foci, like other neocortical epilepsy surgery, typi-
cally involves microsurgical removal of a lesion or 
localized focus in the cortex, as well as conserva-
tive corticectomy surrounding the epileptic lesion. 
The parietal lobe is essentially surrounded by elo-
quent tissue, which will limit extended resections. 
Because of the position, both abutting and contain-
ing indispensable cortex, the topic of multiple sub-
pial resections (MST) should be addressed as an 
aspect of surgery in the parietal lobe. MST has 
been used as an additive technique in conjunction 
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to traditional resection when the epileptogenic 
zone extends into primary sensory cortex or lan-
guage areas [139]. Eleven of 40 patients in the 
Bonn PLE surgery series and 8/28 in the series out 
of Yale used MST when lesions extended into elo-
quent cortex [123, 130]. A recent review of MST 
for medically refractory epilepsy found that sei-
zure freedom was attained in 55.2% of resections 
that combined MST with resection and 23.9% of 
cases where MST was used in isolation [35]. The 
same study, however, also found a high rate of 
complications, with mono- or hemiparesis in 20% 
of patients; transient or permanent dysphagia in 
12.3% and 1.9%, respectively; and permanent 
paresis in 6.6% of patients. This likely stems from 
the technique being aimed almost exclusively at 
eloquent cortex.

Intraoperative electrocorticography is used in 
many centers for evaluation and tailoring of the 
extent of resection [93, 104, 105, 123, 136]. 
Functional mapping may also be used as an intra-
operative technique to avoid eloquent regions and 
limit postoperative deficits [140, 141]. The infe-
rior parietal lobule is a tenuous landscape for the 
neurosurgeon to navigate, and functional stimu-
lation mapping and electrocorticography may 
supply invaluable information when lesions in 
this region are excised.

Multilobar epilepsy in the posterior cortex 
may be approached with disconnective proce-
dures to avoid resection, most often described in 
pediatric epilepsies. A detailed description of 
such a technique was published by Dorfer et al. 
[142]. Neuronavigation was used in all of these 
procedures; a subdural grid was used to localize 
the central sulcus using phase reversal for sen-
sory evoked potentials. The disconnection 
involves corticotomy at the parietal operculum 
down to the ventricular trigone and then to the 
interhemispheric fissure and the isthmic sple-
nium of the corpus callosum, where a callosot-
omy is performed. The fornix is sectioned at the 
level of the trigone. The corticotomy is then 
extended subpially through the parietal-temporal 
opercular cortex, to the posterior aspect of the 
insula, and then along the inferior insular sulcus 
through the temporal stem. The temporal stem 
disconnection is advanced anteriorly to the level 

of the choroid fissure, and finally the dorsal 
aspect of the amygdala is suctioned or resected 
along the border of the middle cerebral artery to 
complete the disconnection. Dorfer et al. reported 
seizure freedom in nine of ten patients in which 
the technique was used, with minimal unexpected 
complications. Similar techniques and strategies 
for posterior and multilobar disconnections have 
since been described [143, 144].

 Surgical Outcomes

The largest reported series of parietal lobe epi-
lepsy resections come from the Montreal 
Neurological Institute, consisting of 34 tumoral 
and 82 non-tumoral cases, performed in the pre- 
MRI era [134, 135]. Fifty-three percent of the 
tumoral and 46% of non-tumoral cases achieved 
Engel class I seizure freedom. In more recent 
series, the rates of seizure freedom range from 
32% to 91% but are colored by a number of series 
with relatively few patients (Table 25.4).

Overall, the rates of seizure freedom are 
favorable, and complications are relatively low. 
Complications that are reported include 
Gerstmann syndrome (agraphia, acalculia, finger 

Table 25.4 Parietal lobe epilepsy surgical series

Author Year
No of 
patients

Engel class I 
(%)a

Williamson [122] 1992 11 91
Cascino [148] 1993 10 90
Salanova [134] 1995 34 75
Salanova [135] 1995 82 65
Boesebeck [93] 2002 21 60b

Kasowski [130] 2003 28 55
Kim [146] 2004 38 53
Kim [133] 2004 27 52
Gleissner [147] 2008 15 87
Binder [123] 2009 40 58
Jehi [114] 2009 32 53
Francione [119] 2015 40 75
Liava [149] 2016 59 64
Asadollahi [132] 2017 18 61
Ramantani [136] 2017 34 50

a Comparable measure of seizure freedom
b Includes temporal-occipital resections in the percent 
seizure-free, no breakdown
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agnosia, and right-left disorientation) and hemi-
sensory syndromes, from encroaching on the 
angular gyrus posterior laterally or the sensory 
cortex anteriorly [119, 123, 145]. Visual field 
deficits make up a considerable portion of the 
complication burden in some series as well, as it 
is not uncommon for epileptic zones to extend 
into the occipital lobe, such as in posterior cortex 
epilepsies [124, 136, 114, 146]. A study of neu-
ropsychological outcomes in pediatric parietal 
lobe epilepsy found that between 39% and 66% 

of pediatric patients with PLE had preoperative 
cognitive impairments, including 29% with IQ 
in the range of intellectual disability, and more 
commonly disorders of attention [147]. 
Following surgery, the authors found improve-
ments in attention and no significant decline in 
cognitive function. This same series, though 
with a small n (15 pediatric patients) reported an 
excellent seizure outcome, with 87% seizure-
free at 1 year and 82% seizure-free at most recent 
follow-up (Fig. 25.3).

a

d e f

b c

Fig. 25.3 Parietal lobe epilepsy. A 29-year-old woman 
with left centroparietal lobe seizures, over the somatosen-
sory cortex, based on PET and EEG localization. Her aura 
consisted of a tingling moving up her right leg, sometimes 
accompanied by arm pain. This is followed by tonic 
extension and jerking of the leg. A second seizure type 
occurs without aura, proceeding from arm flinging 
directly to generalized tonic-clonic activity. (a) 3D recon-
struction of dipole and distributed source estimates from 
scalp EEG show concordance of EEG and reduced radio-
isotope uptake on PET. (b, c) Magnetic source imaging 
(MSI) shows dipoles (white arrows) localized the left pre-
cuneus. (d, e) AP and lateral films following placement of 
intracranial electrodes. Motor mapping was carried out 

using direct cortical stimulation to find the central 
Rolandic sulcus. Four 10-contact-depth electrodes were 
placed under stereotactic guidance to sensory and motor 
cortices, with strips over the lateral and interhemispheric 
cortices. Care was taken to slide strips under the dural 
edge without resistance. Two 128-electrode grids were 
placed over the lateral cortex. (f) Excision of the post- 
central gyrus was carried out with the patient awake and 
cooperating with motor-sensory mapping. Subpial dissec-
tion was extended to the pia of the central sulcus. 
Following surgery, the patient reported mild sensory defi-
cits in her right leg (“5% decreased”). One year after sur-
gery, the patient was seizure-free, and sensory deficits had 
resolved
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 Conclusion

Surgery for neocortical epilepsy has broader 
range of seizure control when compared with 
mesial temporal lobe resections. As is summa-
rized here, though, advances in diagnostics, 
imaging, and experience have increased favor-
able outcomes from these procedures. While 
each lobe presents unique challenges in diag-
nostics and surgical technique, certain trends 
are evident from reviewing the current state of 
data on neocortical epilepsy. In general, well- 
circumscribed lesions discernable on MRI are 
associated with better rates of seizure control. 
Intracranial monitoring is often helpful or 
required for delineation of the epileptogenic 
zone for planning of surgical resection margins, 
especially when MRI does not reveal an obvious 
lesion correlating with non-invasive studies. 
Recording directly from the  cortex, either with 
subdural electrodes, depth electrodes, or SEEG, 
is especially helpful in discerning involvement 
of mesial or deep structures. Contemporary 
series report low complication rates and effec-
tive seizure control when intracranial studies are 
indicated in surgery of the temporal, frontal, 
occipital, and parietal neocortex.
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The role of surgery in the management of pediat-
ric epilepsy has expanded greatly within the last 
several years [1]. This trend has many contribut-
ing causes, among which are the consideration of 
surgery for diseases which were previously man-
aged nonoperatively, the consideration of seizure 
palliation rather than seizure freedom as a goal of 
epilepsy surgery, and a growing acceptance of 

epilepsy surgery in both the medical and lay com-
munities as a safe and effective means of seizure 
control. Certainly, the increased usage and devel-
opment of stereotactic guidance and methods of 
treating various neurologic disorders contributes 
to this phenomenon as well, as the use of these 
methods allows for increased surgical access to 
deep structures of the brain, the use of new treat-
ment modalities for treatment of discrete seizure 
foci, and the avoidance of large craniotomies for 
both invasive epilepsy monitoring and eventual 
treatment measures. In short, effective use of ste-
reotaxy in both the diagnosis and treatment of 
pediatric epilepsy has facilitated a large amount of 
growth in this field and expanded the neurosurgi-
cal armamentarium with regard to pediatric sei-
zure control.

In current practice, the workup of pediatric epi-
lepsy is comprehensive and multidisciplinary in 
nature, involving neuropsychiatric evaluations, 
laboratory and imaging studies, inpatient observa-
tion in dedicated epilepsy units, and electroenceph-
alography (EEG) [2, 3]. Broadly speaking, these 
studies can be divided into Phase 1 (nonsurgical) 
and Phase 2 (surgical), the latter of which includes 
invasive placement of electrographic monitoring 
devices such as subdural grids, strips, and intrapa-
renchymal depth electrodes. Routine Phase 1 stud-
ies include thorough documentation of the patient’s 
seizure semiology, neuropsychiatric evaluation, 
and comprehensive imaging workup consisting of 
magnetic resonance imaging (MRI), positron emis-
sion tomography (PET), single-photon emission 
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computed tomography (SPECT), noninvasive 
EEG, and  magnetoencephalography (MEG). Even 
in non-lesional or MRI-negative epilepsy, these 
other imaging studies may provide valuable clues 
in localizing potential epileptogenic foci.

The findings of Phase 1 of epilepsy workup 
form the basis of surgical planning for Phase 2 
studies which generally include placement of 
subdural grids and strips, as well as the place-
ment of intraparenchymal depth electrodes to 
areas of interest identified during Phase 1. There 
are several clinical situations in which the use of 
invasive EEG monitoring is especially helpful. In 
cases where a patient has a normal MRI but par-
tial epilepsy which localizes the lesion, or in 
cases where the presumed epileptogenic focus 
overlaps eloquent cortex, invasive EEG studies 
can help define the goal extent of resection [3, 4]. 
Additionally, in patients who have multifocal 
epilepsy, invasive EEG can help elucidate the 
contribution of each epileptogenic focus to the 
patient’s semiology. Furthermore, invasive EEG 
can help correlate the relationship between a pre-
sumed seizure focus and a radiographic lesion.

Once the decision is made to pursue invasive 
EEG recording, a variety of options remain avail-
able to achieve this. Traditionally, subdural grids 
and strips have been placed to record focal areas 
of suspected epileptogenic activity. Depth elec-
trodes increase the ability to measure the electri-
cal activity of subcortical structures and are 
especially useful in measuring the electrical 
activity of, for example, the mesial temporal 
lobe. These can be placed through open craniot-
omy or with stereotactic guidance, i.e., stereo-
electroencephalography (sEEG).

In particular, stereotactic placement of depth 
electrodes is of interest in cases where the sus-
pected lesion is located in deep cortical or sub-
cortical areas, where regions of interest are 
bilateral or would otherwise require multiple 
operations, and when a more extensive epilepsy 
network is suspected. Furthermore, sEEG is a 
useful strategy in a patient without clear sus-
pected lesion on noninvasive workup, if the 
patient has previously failed craniotomy for sub-
dural grid/depth electrode placement, or failed 
the subsequent monitoring period [4].

Stereotactic placement of electrodes can be 
accomplished in a number of ways. A stereotactic 
frame may be applied to the patient’s head to 
assist in placement of electrodes. Advantages 
include widespread familiarity with stereotactic 
frame placement due to common usage in other 
applications such as deep brain stimulation. 
Disadvantages include difficult workflow if many 
trajectories are required. Such an approach would 
involve resetting frame coordinates for each trajec-
tory, which can be unwieldy and time-consuming. 
In contrast, the use of robot-assisted stereotaxy 
allows for more streamlined placement of depth 
electrodes along multiple trajectories, sometimes 
up to 16–18. Other advantages include the adapt-
ability of the robot to access a wide variety of 
approaches and trajectories in the same operation. 
Disadvantages of this approach include costs asso-
ciated with the robotic device, as well as potential 
unfamiliarity of neurosurgeons with maneuvering 
the robot (Fig. 26.1).

Perhaps the greatest advantage to stereotactic 
epilepsy monitoring, however, is the potential 
seamlessness with which the patient can be transi-
tioned from monitoring to treatment. Once suffi-

Fig. 26.1 Representative photo of patient immediately 
following sEEG placement in the operating room
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cient data from the patient’s monitoring stay has 
determined the  appropriate site of treatment, the 
same skull bolts that guided the depth electrodes 
can be used to guide devices such as responsive 
neurostimulation (RNS) leads or laser ablation 
filaments to the desired site. This allows for effec-
tive and relatively minimally invasive treatment of 
epilepsy through closed loop neurostimulation or 
laser interstitial thermal therapy (LITT) [5–8].

Stereotactic LITT is a novel surgical tech-
nique that allows for minimally invasive treat-
ment of focal intracranial lesions [9]. The 
technique involves using stereotaxy to place a 
laser fiber into the target tissue, thermally ablat-
ing the tissue, and monitoring real-time tempera-
ture with MRI thermography during lesioning 
[9]. The procedure is beneficial in cases where 
open cranial surgery has a high morbidity rate. Its 
other advantage is the ability to deliver targeted 
thermal energy without injury to adjacent cortical 
and deep structures [10]. Its use in epilepsy was 
first described in 2012 by Curry et al. for children 
with lesional, localization-related intractable epi-
lepsy [5]. In this series of five patients, all chil-
dren achieved seizure freedom at follow-up with 
no complications [5].

MRI-guided laser interstitial therapy for med-
ically refractory temporal lobe epilepsy syn-
dromes has been published in several case series 
[5, 11–18]. Historically anterior temporal lobec-
tomies and amygdalohippocampectomies have 
shown to have good rates of seizure freedom, but 
are often not undertaken due the possible adverse 
neurocognitive effects from resecting lateral neo-
cortical temporal structures [12–14]. Stereotactic 
laser ablation can spare these structures, and 
patients have reported fewer deficits in naming 
and facial recognition after laser ablation com-
pared with anterior temporal lobectomies [12]. 
The rates of seizure freedom in patients with 
mesial temporal lobe epilepsy undergoing stereo-
tactic laser ablation are high. About 60–70% of 
patients achieved Engel class I outcomes [5, 11–
15, 17, 18]. In extratemporal lobe epilepsy, 
lesions amenable to MRI-guided laser interstitial 
therapy include hypothalamic hamartomas, 
tuberous sclerosis, focal cortical dysplasia, and 
periventricular nodular heterotopia [6, 9].

Through the use of stereotaxy, and especially 
stereotactic laser ablation, the indications for 
 surgical management of epilepsy are evolving 
rapidly. Due to the less invasive nature of epi-
lepsy monitoring and treatment, stereotaxy 
potentially has a large role in the palliative 
treatment of epilepsy, cases where the goal of 
surgery is not necessarily complete seizure con-
trol, but rather limiting the most profoundly 
debilitating seizure events. When the goal of 
surgery is no longer complete seizure control, 
minimizing the extent of surgery and craniot-
omy becomes a stronger consideration, strength-
ening the case for a stereotactic approach. 
Furthermore, patients with lesional epilepsy in 
areas of eloquent cortex or epilepsy related to 
deep subcortical lesions may be good candi-
dates for LITT, which allows for a more tar-
geted approach for seizure control [19].

A variety of epilepsy syndromes for which 
epilepsy surgery was not commonly offered now 
may benefit from management with stereotactic 
approaches to surgery. In particular, the manage-
ment of tuberous sclerosis and hypothalamic 
hamartomas has changed drastically with the 
development of stereotactic techniques for both 
diagnostic and treatment measures.

 Tuberous Sclerosis

Tuberous sclerosis (TS) is an autosomal domi-
nant neurocutaneous disorder affecting 1 in 6000 
to 10,000 live births in which patients develop 
masses of largely benign nature, including renal 
angiomyolipomas, cardiac rhabdomyomas, and 
cutaneous nodules [20]. Intracranial findings in 
this disease include cortical tubers, subependy-
mal nodules, and subependymal giant cell astro-
cytomas (SEGAs). These lesions, especially 
cortical tubers, can be highly epileptogenic, and 
indeed 80–90% of patients with TS have epi-
lepsy, and 50–80% of these patients have epi-
lepsy refractory to medical therapy [20–23].

Resection of cortical tubers in TS patients has 
been shown to be effective in terms of seizure 
control, and so much of the preoperative seizure 
workup proceeds as described above, utilizing 
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advanced imaging techniques and video moni-
toring [21]. Nevertheless, in a significant num-
ber of patients, more invasive monitoring is 
needed. These patients may have inconclusive 
findings on preoperative imaging and frequently 
have multiple and bilateral cortical tubers [21]. 
Additionally, the cortex adjacent to particular 
tubers can be monitored, as it has been suggested 
that the epileptogenic focus can be localized to 
this adjacent cortex rather than simply to the 
tuber itself, and furthermore that resection of 
this cortex leads to better seizure control out-
comes [24]. In addition to traditional methods of 
intracranial EEG recording, EEG leads may be 
placed stereotactically, which allows for less 
invasive bilateral monitoring, as well as targeted 
monitoring of multiple cortical tubers and other 
suspected epileptogenic foci simultaneously 
(Fig. 26.2).

Once the target area of resection has been 
identified, the patient can begin the surgical plan-
ning process, which is frequently focal tuber 
resection. As discussed earlier, many patients 
achieve durable seizure freedom with focal resec-
tion alone, with one study reporting about 50% of 
patients with complete seizure freedom at 5 and 
10 years [23]. Moreover, even patients with bilat-
eral lesions may benefit from either resection of a 
single seizure focus or further iterative cranioto-
mies for seizure control [25, 26].

Nevertheless, patients can benefit tremen-
dously from near-total or even partial seizure 
control, which significantly improves quality of 
life [27]. Furthermore, the option of bilateral 
intracranial monitoring prior to resection, as 
well as the idea of multiple iterative operations 
for seizure control, offers a clear indication for 
the use of stereotactic methods. Utilizing stereo-
taxy to place multiple electrodes into multiple 
tubers or cortical areas allows for more extensive 
pre- resection monitoring, and as mentioned 
above, the use of stereotaxy to place EEG leads 
theoretically allows for the use of LITT during 
the treatment phase to achieve seizure control. 
Although the use of LITT for the treatment of 
epilepsy in TS patients has not been extensively 
studied, some case reports have demonstrated 
good seizure control, although follow-up data is 
limited [5].

The advent of stereotactic methods in neuro-
surgery provides interesting new options in the 
treatment of childhood epilepsy related to 
TS. Because of the nature of the disease, many 
children may have widespread bilateral lesions 
which require bilateral invasive monitoring, 
which is much more facile with stereotactic inva-
sive EEG monitoring than with traditional 
approaches. LITT also offers additional surgical 
options to patients who may require a more itera-
tive approach to surgical seizure control, limiting 
the potential morbidity associated with multiple 
craniotomies or tuber resections.

In this manner, the approach to treating 
patients with tuberous sclerosis has evolved 
significantly over the course of decades. 
Although current standard methods of epilepsy 
monitoring and focal tuber resection can help 
many children achieve seizure freedom, the use 
of stereotactic methods for EEG lead placement 
as well as LITT as a surgical option in addition 
or in place of focal tuber resection may offer an 
expanded number of patients an opportunity for 
seizure freedom. We hope that with further 
investigation, further improvements in stereo-
tactic techniques for both monitoring and treat-
ment will further expand the neurosurgical 
armamentarium in treating this challenging 
disease.

Fig. 26.2 Schematic of sEEG placement in a TS patient. 
Blue spheres represent EEG contacts, and green-shaded 
area represents presumed epileptogenic lesion
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 Hypothalamic Hamartoma

Hypothalamic hamartomas are heterotopic 
masses with an incidence of about 1 in 200,000 
persons, which are composed of neuronal cells 
and glia arising from the tuber cinereum and floor 
of the third ventricle [9, 28]. These patients often 
have a number of cognitive and neuroendocrine 
deficits including central precocious puberty, 
behavioral disturbances, and gelastic seizures, 
which are marked by stereotyped, emotionless 
bursts of laughter [9].

These seizures can be highly debilitating and 
are frequently refractory to antiepileptic medi-
cations. Furthermore, several studies have dem-
onstrated the intrinsic epileptogenicity of 
hypothalamic hamartomas, which is often diffi-
cult to measure via scalp EEG, but has been 
measured in several studies by utilizing depth 
electrodes [29–31].

Due to the harmful nature of the disease and the 
localization of epileptogenicity to a single seizure 
focus, open surgical resection of the lesion has tra-
ditionally been an attractive treatment option for 
hypothalamic hamartoma [32]. Pterional, transcal-
losal, and intraventricular endoscopic approaches 
were classically described approaches for resect-
ing these lesions; however the morbidity was high 
with reported complications of endocrine dysfunc-
tion, vision changes, memory loss, and hemipare-
sis [33]. The rate of permanent deficit was about 
25% [33–37]. Furthermore, alternate methods of 
treating HH such as stereotactic radiosurgery 
(SRS) or endoscopic disconnection surgeries have 
also been described [32]. These are attractive 
because of their less invasive nature and relatively 
good rates of seizure control. Nevertheless, using 
SRS or performing disconnection surgery still 
incurs the risk of damage to critical surrounding 
structures near the lesion, and patients treated with 
SRS may have an unacceptably long period 
between completion of therapy and onset of sei-
zure control [32].

Another option for the treatment of epilepsy 
related to HH is MRI-guided, stereotactic 
LITT. Utilizing laser ablation allows access to the 
deeply seated lesion without retraction or destruc-
tion of the surrounding tissue [38]. Laser ablation 

has been shown to be safe and effective for treat-
ing hypothalamic hamartomas as there is mini-
mal corridor-related morbidity [38]. Tissue 
ablation may be imprecise and may require more 
than one trajectory to successfully ablate the 
entirety of the lesion, but the morbidity is still 
considerably less than with open craniotomy pro-
cedures [38]. The current evidence for stereotac-
tic laser ablation in these lesions includes several 
retrospective case series which show 76–86% 
freedom of gelastic seizures following the proce-
dure [28, 38–41].

Similar to TS, HH represents an epilepsy 
pathology which has long presented unique chal-
lenges to neurosurgical management. As in the 
treatment of TS, however, stereotactic methods 
present a minimally invasive and thus attractive 
paradigm for the treatment of these diseases. 
Hopefully, stereotaxy continues to yield new 
diagnostic and treatment modalities for pediatric 
epilepsy, and our ability to manage these com-
plex patients and conditions continues to expand 
and improve.
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Epilepsy: Neuromodulation

Matthew K. Mian and Robert E. Gross

 Introduction

Epilepsy afflicts 1% of the population and is 
resistant to medication in 30–40% of cases [1]. 
When seizures persist despite adequate trials of 
at least two first-line antiepileptic drugs, they are 
deemed “refractory,” and additional drugs are 
unlikely to confer seizure freedom [2, 3]. Patients 
with refractory epilepsy may be candidates for 
resective or ablative surgery with curative poten-
tial, with long-term seizure-freedom rates of up 
to 70% [4–7], but epilepsy surgery remains woe-
fully underutilized.

Among patients who are evaluated for surgical 
candidacy, many are not suitable for destructive 
procedures, namely, those with poorly defined or 
multiple foci, a focus in eloquent cortex, and gen-
eralized epilepsy and those for whom resection 
or ablation would be attended by disruptive neu-
ropsychological morbidity. These patients have 
historically presented a management challenge.

Since the late 1990s, our field has witnessed 
the approval by the US Food and Drug 
Administration (FDA) of three neuromodulatory 
techniques for refractory partial-onset seizures, 

each involving the application of electric current 
to the nervous system: vagus nerve stimulation 
(VNS), responsive neurostimulation (RNS), and 
thalamic deep brain stimulation (DBS). Each of 
these approvals was supported by one or more 
randomized controlled trials, and these devices 
have expanded the pool of refractory epilepsy 
patients who can be treated surgically to include 
many of those with the dilemmas above.

Current epilepsy neuromodulatory therapies 
are palliative in that they offer a reduction in sei-
zure frequency and mitigation of seizure severity, 
but they are not applied with curative intent. 
While a slender minority of neurostimulation 
patients enjoy long-term seizure freedom, many 
patients experience a meaningful decrement in 
seizure frequency. Neurostimulation can have 
other attendant benefits  – often independent of 
the degree of seizure relief – including enhanced 
neuropsychological performance, improved 
quality of life, and attenuated rates of sudden 
unexpected death in epilepsy (SUDEP).

In this chapter, we will review the rationale, 
supporting data, operative technique, and post-
operative considerations for VNS, RNS, and 
DBS for partial-onset seizures. We will compare 
the techniques, highlighting considerations for 
selecting a therapy for individual patients. 
Finally, we will conclude with a discussion of 
off-label application of neurostimulation for 
generalized epilepsy.
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 Vagus Nerve Stimulation

Electrical vagus nerve stimulation (VNS) for 
arresting seizures was explored in humans as 
early as the 1880s by James Corning, who applied 
current transcutaneously [8]. His experiments 
followed prior efforts for aborting seizures with 
mechanical compression of the carotid artery. In 
its current form, VNS is applied in a bipolar man-
ner through a pair of electrodes encircling the 
mid-cervical segment of the vagus nerve and 
connected to an infraclavicular pulse generator.

Left vagus nerve stimulation was approved by 
the FDA in 1997 for the treatment of refractory 
partial-onset seizures in both adults and children 
over 12 years of age. Several iterations of a com-
mercial device were developed by Cyberonics, 
which later merged with an Italian medical device 
company to form LivaNova.

VNS neurostimulators have offered both a 
chronic, intermittent stimulation cycle and an on- 
demand mode triggered by an external magnet 
that a patient or caregiver can apply as needed to 
abort a forthcoming or ongoing seizure. In 2015, 
LivaNova released the AspireSR VNS model, 
which added a closed-loop mode using a cardiac- 
based detection algorithm to screen for ictal 
tachycardia and then deliver abortive stimulation 
automatically.

 Rationale

The left vagus nerve conveys afferents from the 
viscera to the brain stem. Prior to its application 
in human epilepsy, studies had established that 
VNS could abort induced seizures in animal 
models of epilepsy [9, 10]. The mechanism is 
possibly related to activation of the locus coeru-
leus [11]: VNS raises extracellular levels of nor-
epinephrine [12] in a manner that correlates with 
anti-seizure effects [13]. Further, these effects 
can be abolished by a lesion of the locus coeru-
leus [14].

In humans, VNS reduces the frequency of 
interictal discharges [15–17]. Increases in cere-
bral blood flow to the thalamus have been associ-
ated with successful VNS [18], though there 

appears to be a time dependence to this phenom-
enon, as other studies have noted reduced meta-
bolic activity in the medial thalamus in those 
with effective therapy [19–21].

As with other forms of neurostimulation, the 
effects of VNS are dynamic in time and probably 
evolve through more than one mechanism. Some 
have proposed that VNS may be mediated in part 
through a blunting of neuroinflammation [22]. 
VNS does not appear to act via long-term modu-
lation of parasympathetic tone [23], as indices of 
autonomic function remain stable in patients 
after VNS.

 Evidence and Outcomes

The FDA approval of VNS relied on two clinical 
trials with similar designs (E03 and E05) in 
which subjects with partial-onset seizures were 
implanted and then randomized to either high or 
low stimulation (presumed therapeutic and sub-
therapeutic doses, respectively). Vagal stimula-
tion is generally perceptible to patients, so an 
active placebo arm was necessary to maintain the 
blind in these trials. The primary outcome was 
change in seizure frequency.

In the E03 trial (n = 114), there was a signifi-
cant reduction in seizure frequency in the high- 
vs low-stimulation arm (24.5% vs 6.1%; p = 0.01) 
during a 12-week assessment period [24]. 
Additionally, more patients in the high- 
stimulation group achieved at least a 50% reduc-
tion in seizure frequency (31% vs 13%; p = 0.02). 
In the E05 trial (n  =  199), there was again a 
greater reduction in seizure frequency among the 
high-stimulation vs low-stimulation subjects dur-
ing a 3-month assessment period (27.9% vs 
15.2%; p = 0.04) [25].

The anti-seizure effects of VNS are sustained 
and even increase over time. Open-label exten-
sion studies that followed the E03 and E05 piv-
otal trial patients reported median reductions in 
seizure frequency of 32% and 45% at 1  year, 
respectively [26, 27]. A long-term efficacy study 
involving patients from five clinical trials 
(n  =  454) found median seizure reductions of 
35% at 1 year, 44% at 2 years, and 44% at 3 years, 
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with ≥50% seizure reductions in 36.8% of 
patients at 1  year, in 43.2% at 2  years, and in 
42.7% at 3  years [28]. Data from a large VNS 
registry revealed median seizure reductions of 
56% at 1 year and 62% at 2 years, with ≥50% 
response rates of 53% at 1  year and 56% at 
2 years [29], but these data have the typical limi-
tations associated with registries and are likely to 
be an overestimation of benefits. Anti-seizure 
effects among this cohort were consistent against 
a broad range of seizure subtypes. Smaller series 
with extended follow-up suggest these effects are 
sustained long term [30].

Several reports have suggested added benefit 
of the VNS device’s magnet mode. Applying the 
magnet to avoid or abort a seizure can be a chal-
lenge for many patients [31] for a variety of rea-
sons: lack of an aura, rapid ictal alteration of 
consciousness, occurrence during sleep, and 
baseline cognitive or physical impairment. 
Nonetheless, many patients describe a benefit 
from the magnet, with 28% reporting seizure ces-
sation [32]. A retrospective study from patients in 
the E03 and E04 studies found that of magnet 
activations for 9482 seizures, 24% terminated the 
event and 38% diminished it [33].

Newer VNS models offer automatic triggering 
of stimulation using a tachycardia detection algo-
rithm. Ictal tachycardia is common, occurring in 
over 80% of partial-onset seizures in some stud-
ies [34–36], and it may even precede electro-
graphic or clinical onset [37, 38]. Initial studies 
of the closed-loop tachycardia algorithm have 
suggested it is effective [39] and that it could 
improve seizure control in patients initially 
implanted with older VNS models [40].

 Technique

VNS implantation is performed under general 
anesthesia as an outpatient procedure. The proce-
dure is performed on the left, since the right vagus 
nerve preferentially supplies parasympathetic 
tone to the sinoatrial node; stimulation on the 
right therefore risks bradyarrhythmias (although 
there are isolated case reports of successful right-
sided implants in special circumstances [41]). The 

patient is positioned supine with the neck in slight 
extension and the arm tucked at the side. A mid-
scapular roll can be used to drop the left shoulder 
away from the field. We do not turn the head.

A 3 cm transverse incision is made in a neck 
crease crossing over the medial border of the 
sternocleidomastoid muscle (SCM) and ending 
just shy of the midline. This incision falls about 
one third of the distance from the sternal notch to 
the mastoid. The dermis is undermined above and 
below the incision.

The platysma is elevated, incised vertically in 
line with its fibers, and then retracted open. 
Metzenbaum scissors are spread transversely in 
the groove medial to the SCM to open up a natu-
ral plane that is followed down to the carotid 
sheath. Small bridging vessels are coagulated and 
divided. Care is taken to maintain rigorous hemo-
stasis; even modest oozing can obscure the natu-
ral tissue plans and also threaten a postoperative 
neck hematoma.

The carotid artery is palpated medially, and 
the transverse blunt-tipped retractor is deepened 
to sweep away the SCM laterally and strap mus-
cles medially. As the exposure is carried into the 
carotid sheath, the retractor can be further deep-
ened by placing the lateral teeth (always blunt) 
against the jugular vein itself, if necessary, though 
care should be taken not to avulse any bridging 
veins. The vagus nerve can be identified deep in 
the groove between the carotid artery and the 
jugular vein (Fig. 27.1). In cases where a candi-
date nerve is encountered elsewhere, this groove 
should still be explored to confirm that the candi-
date nerve is indeed the vagus.

A 3 cm segment of the nerve is delicately dis-
sected circumferentially; there is no need to 
remove or transgress the epineurium, which may 
jeopardize the vascular supply to the nerve. A 
small pulse generator pocket is created either 
inferior to the clavicle or in the axilla for cos-
metic reasons. We make a transverse incision two 
fingerbreadths beneath the clavicle and two fin-
gerbreadths medial to the deltopectoral groove. A 
trocar with a sheath is passed subcutaneously 
from the pocket up to the cervical incision. The 
electrode is brought into the field and slipped 
through the sheath.

27 Epilepsy: Neuromodulation



402

The stimulating end of the lead includes three 
coils that encircle the nerve: cathode (distal), 
anode (middle), and anchor (proximal). Placement 
of the delicate coils around the nerve is facilitated 
by an assistant who can elevate and steady the 
nerve; this is also aided by placing a plastic grid 
underneath the nerve to isolate it from other soft 
tissue and to ensure its complete circumferential 
dissection. Each coil is stretched along its length, 
set down onto the nerve, and then the two ends are 
threaded around the nerve in either direction using 
the affixed strings. We place the anchor first, as it 
is a longer coil than the cathode or anode and thus 
less easy to inadvertently displace while wrapping 
the other coils.

Once all three coils have been placed, the 
proximal end of the lead is inserted into the pulse 
generator. An impedance check is performed, and 
heart rate detection is verified. Note that test 
stimulation during these steps can rarely provoke 
bradycardia, so the anesthesia team is alerted 
prior to testing.

The pulse generator is secured in the pocket 
with sutures, and the white anchoring tabs are 
placed along the proximal part of the lead and 
sutured to the medial face of the sternocleido-
mastoid or strap muscles. After once again con-
firming normal impedances, the incisions are 

closed in layers, culminating in surgical glue on 
the skin.

 Post-op Care and Complications

The stimulator is turned on after a few weeks. We 
usually begin at a very low current and then ramp 
up stepwise every few weeks while monitoring 
for side effects. Common final parameters are 
1.5–2.25 mA, 20–30 Hz, 250–500 μs, and cycle 
of 30  sec on and 3–5 min off, with the magnet 
activation set at a slightly higher current. Clinical 
effects are usually apparent after several weeks of 
stimulation.

Dysphonia during stimulation is common and 
expected. Other common complaints include 
hoarseness and cough, which tend to improve 
with time [28]. Permanent hoarseness is rare. In 
large VNS series, other adverse events include 
headache (4–5%), dyspnea (3%), surgical site 
infection (1–2%), vocal cord paralysis (<1%), 
and dysphagia (<1%) [28, 30, 42, 43].

 Responsive Neurostimulation

Responsive neurostimulation (RNS) was approved 
by the FDA in 2013 for the treatment of partial-
onset seizures with one or two foci in patients at 
least 18 years of age who had failed two or more 
antiepileptic drugs. In its current form, a micropro-
cessor (NeuroPace Inc., Mountain View, CA) 
embedded in the skull performs continuous elec-
trocorticography (ECoG) through up to two depth 
or strip electrodes implanted at one or two seizure 
foci and then delivers electrical stimulation to 
abort seizures using up to three detection algo-
rithms for triggering. Windows of ECoG are stored 
and then uploaded to an online server periodically 
by the patient or caregiver; these tracings can then 
be studied by the patient’s clinical team to further 
tailor detection programs and therapy.

The RNS approach is distinct from VNS and 
DBS in that it delivers stimulation to the seizure 
focus itself. RNS permits a greater degree of ther-
apy customization than either VNS or DBS, 
though this process can be labor-intensive. 

Fig. 27.1 Exposure of the left vagus nerve. The nerve is 
identified in the carotid sheath in the groove between the 
carotid artery (medially) and the jugular vein (laterally). 
(All rights reserved to Emory University, printed with 
permission)

M. K. Mian and R. E. Gross



403

Chronic ECoG from RNS has also yielded new 
insights about epilepsy, including the oscillatory 
nature of interictal discharges and how it can pre-
dict seizure vulnerability [44], and about indi-
vidual patients, including the presence of 
unilateral temporal disease among patients who 
had been previously deemed bitemporal [45] and 
prediction of whether antiepileptic drug trials are 
likely to succeed [46].

 Rationale

The idea for closed-loop intracranial stimulation 
emerged in part from observations that delivery 
of brief electrical pulses could disrupt induced 
afterdischarges in patients undergoing intracra-
nial seizure monitoring [47]. The mechanisms by 
which RNS influences seizure propagation 
remain, however, unclear. Limitations of the 
device preclude analysis of ECoG during stimu-
lation pulses. Seizure frequency could be reduced 
through inhibition locally within the seizure 
focus during stimulation. Prior work has also 
established that cortical stimulation can disrupt 
synchrony between brain regions [48], so RNS 
alternatively could mediate its effects through 
network desynchronization. Whether the mode of 
effect is primarily local or network-dependent 
could have clinical implications regarding the 
specificity of electrode placement, which remains 
minimally characterized.

Compared to VNS and DBS, RNS delivers a 
modest dose of current. VNS and DBS both func-
tion largely in open-loop paradigms, delivering 
stimulation regularly on a duty cycle, commonly 
30–60  seconds every 5  min. In contrast, RNS 
stimulates only briefly (100–200 ms) in response 
to cortical activity meeting a prespecified thresh-
old for ictal suspicion. Individual patients vary 
widely in the number of triggers, but in one anal-
ysis, most patients triggered 600–2000 times 
daily, resulting in cumulative stimulation doses 
of 5  min or less per day [49]. However, these 
doses are sufficient to achieve seizure control at 
least on par with VNS and DBS (see below) and 
also to exert neuromodulatory effects resulting in 
gradual seizure improvement over time. How this 

is achieved and whether reduced stimulation dos-
ing has implications for the long-term function of 
eloquent cortex within or adjacent to ictal zones 
remains unknown.

 Evidence and Outcomes

Experience with externalized closed-loop stimu-
lators piloted during admissions for intracranial 
monitoring [50, 51] motivated development of 
the NeuroPace device. The pivotal RNS trial [52] 
recruited 191 subjects with frequent, disabling 
partial-onset seizures with either one or two foci. 
Subjects were implanted and then underwent a 
4-week baseline stabilization period, after which 
they were randomized to blinded active or sham 
stimulation for 12 weeks. Seizure outcomes were 
assessed at the end of the blinded phase, and all 
patients then participated in an open-label exten-
sion, receiving stimulation for 2 years.

Both treatment arms experienced an “implan-
tation effect,” with a temporary reduction in sei-
zure frequency, although the etiology of this 
effect, i.e., vs placebo or regression to the mean, 
is not clear [53]. At the conclusion of the 12-week 
blinded phase, mean seizure frequency was 
reduced in the active stimulation arm (37.9% vs 
17.3%; p  =  0.01). Response was unaffected by 
factors including the location of onset zone 
(mesial temporal vs neocortical), number of foci, 
presence of VNS, and prior epilepsy surgery, 
among others. In the open-label extension where 
all patients received active stimulation, seizure 
reductions improved to 44% at 1 year and 53% at 
2  years, with a ≥50% response rate of 55% at 
2  years. Longer-term follow-up with these 
patients revealed a plateau effect in seizure reduc-
tion hovering at 48–66% in years 3–6 and a 
≥50% response rate of ~60%; 23% of patients 
experienced a seizure-free interval of at least 
6 months [54].

Subsequent analyses of the open-label exten-
sion patients suggested that degree of response 
indeed depended on focus location: for those 
with neocortical onset, median seizure reduction 
was 70% for the frontal and parietal lobes, 58% 
for the temporal lobe, and 51% for multilobar 
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foci [55]. Patients with MRI-visible lesions fared 
better than those without (77% vs 45% median 
seizure reduction) [55]. Those with mesial tem-
poral foci, the largest subset of trial patients, 
experienced a median seizure reduction of 70%, 
with a responder rate of 66% [56]. The presence 
of mesial temporal sclerosis did not influence 
outcome. Neuropsychological profiles disclosed 
no adverse effects on cognition, affect, or mem-
ory; in fact, some patients showed improvements 
in verbal memory [57]. Quality of life was 
improved slightly [58].

 Technique

Implantation can be performed using a variety of 
stereotactic techniques. Since the approach varies 
based on the seizure-onset zone(s) being targeted, 
we will discuss implantation for one of the most 
common scenarios – bilateral hippocampal foci.

We implant the depth leads first to avoid the 
introduction of brain shift by the craniectomy. 
The leads are introduced either in the MRI suite 
using the ClearPoint system (MRI Interventions, 
Irvine, CA), which permits direct visualization of 
the target and leads, or in the operating room with 
the ROSA robot (Zimmer Biomet, Warsaw, IN), a 
stereotactic platform (StarFix, FHC, Bowdoin, 
ME), or a conventional stereotactic frame. The 
former method introduces the additional step of 
traveling with the anesthetized patient from the 
diagnostic MRI suite to the operating room. We 
have found that the typical parieto-occipital entry 
point for the leads can make using a conventional 
stereotactic head frame a challenge.

In the MRI, the patient is positioned prone. 
For a robot case, prone positioning mandates 
skull fiducials for registration, so we typically 
position the patient supine with the head turned. 
The latest version of the ROSA robot is generally 
able to reach the posterior entry sites in this posi-
tion, but this is important to verify for each case. 
A trajectory from a parieto-occipital entry is cho-
sen to maximize the number of electrode contacts 
within the hippocampus. We typically create a 
small burr hole/craniostomy and anchor the leads 
with a “dogbone” titanium miniplate rather than 
with the proprietary burr hole cover. Confirmation 

of the lead position is verified radiographically 
with intraoperative MRI or CT.  The leads are 
then tunneled beneath the scalp.

The curvature of the stimulator is suited for 
placement in the high parietal bone. We make an 
inverted “U” incision and then map out a craniec-
tomy above the superior temporal line, although 
this general strategy may need to be altered due to 
previous surgery. The craniectomy is tailored to the 
ferrule, which is then anchored to the skull. Care is 
taken to orient the device such that the fragile leads 
will not pass beneath the segment of the incision 
that will be reopened for battery replacement. The 
device is inserted, and we confirm that impedances 
are within normal limits and that we can stream live 
ECoG. The field is irrigated, sprinkled with vanco-
mycin powder, and then closed.

 Post-op Care and Complications

Stimulation is activated several weeks postopera-
tively. Typical final parameters are 1.5–3  mA 
(usually <3 mA for mesial temporal and <6 mA 
for neocortical), 200 Hz, 160 μs pulse width, and 
100 ms pulse duration [49]. Detection modes and 
thresholds are patient-specific. The ceiling for the 
number of stimulations allowed per day is com-
monly 1000–3000.

In the pivotal RNS trial and extension studies, 
adverse events included intracranial hemorrhage 
(5%), implant site pain (15%), headache (11%), 
and surgical site infection (5–9%) [52, 59, 60]. 
There was one suicide. In long-term follow-up, 
there were seven instances of possible, probable, or 
definite SUDEP [54], yielding a rate that was com-
parable to that observed for high-risk patients being 
evaluated for epilepsy surgery. Patients should be 
reminded that MRI is contraindicated with RNS.

 Deep Brain Stimulation 
of the Anterior Nucleus 
of the Thalamus

Deep brain stimulation (DBS) of the anterior 
nucleus of the thalamus (ANT) was approved 
by the FDA in 2018 for treating adults with 
focal- onset seizures refractory to three or more 
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medications. ANT DBS had been in use in 
Europe since 2010 following publication of the 
findings of the Medtronic-sponsored double-
blind randomized trial, the Stimulation of the 
Anterior Nuclei of Thalamus for Epilepsy 
(SANTE) trial, described below. Advantages of 
ANT DBS over cortical RNS include stereo-
typed lead placement and stimulator program-
ming, no requirement for patients to upload 
data, the ability to treat patients with poorly 
localized foci or more than two foci, and a sim-
pler battery placement and replacement proce-
dure. Owing to its recent approval, however, 
there is limited long-term outcome data outside 
of those patients enrolled in the pivotal trial.

 Rationale

The ANT is a node in the circuit of Papez [61], 
which has a role both in supporting emotion and 

memory and also in initiating and propagating 
limbic seizures. The ANT comprises the anterior- 
superior- medial surface of the thalamus and is 
visible on imaging studies as a bulge into the lat-
eral ventricle (Fig.  27.2). It receives afferents 
from the mammillary bodies via the mammillo-
thalamic tract (MTT) and then projects widely to 
cerebral cortex chiefly via the anterior thalamic 
radiation [62].

Animal studies beginning in the 1940s estab-
lished that electrical stimulation of the ANT 
could modulate the synchrony of surface EEG 
tracings [63, 64], perhaps via activation of 
inhibitory corticothalamic projections [65]. 
High- frequency stimulation raised seizure 
thresholds in both rat [66] and sheep [67] epi-
lepsy models. Further, lesions of the ANT or 
upstream afferent structures mitigate seizure 
genesis and propagation [66, 68–71], a finding 
later supported by a small clinical series in 
humans [72].

a c

b

Fig. 27.2 Targeting the ANT. (a) Sagittal section through 
the thalamus 8.2 mm lateral to the midline, adapted from 
[106]. The ANT lies on the superior surface of the thala-
mus. The surgical target (∗) is slightly superior and ante-
rior to the ANT-MTT junction. (b) Axial T2 (left) and 
sagittal STIR (right) MRI sections through the ANT.  In 
the axial image, the right ANT and MTT are noted with 
blue and red circles, respectively. The MTT is visible on 
sagittal STIR images as a dark band (white arrow). (c) 

Dorsal view of the thalami and surrounding ventricular 
veins. The ANT (red circle) is draped by the thalamostri-
ate (superiolaterally), superior choroidal (superiomedi-
ally), and internal cerebral (inferomedially) veins. All 
rights reserved to Emory University, printed with permis-
sion. Abbreviations: AC anterior commissure, ANT ante-
rior nucleus of the thalamus, Fx fornix, MD mediodorsal 
nucleus, MTT mammillothalamic tract, PC posterior 
commissure, VA ventral anterior nucleus
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 Evidence and Outcomes

The seminal studies of Cooper [73, 74] and later 
small pilot studies suggesting the tolerability and 
potential effectiveness of ANT DBS [75, 76] 
motivated the pivotal SANTE trial [77]. In that 
trial, 110 subjects with partial-onset seizures 
were implanted with bilateral ANT DBS and then 
randomized to 3  months of blinded active or 
sham stimulation; this was followed by an open- 
label extension with active stimulation applied in 
both treatment arms. Stimulation was delivered 
in a monopolar configuration using the contact 
most centrally located in the ANT with a fixed 
schedule with a 1  min on and 5  min off duty 
cycle. The primary outcome measure was change 
in seizure frequency from baseline.

At the end of the 3-month blinded phase, the 
active stimulation arm showed a greater reduc-
tion in seizure frequency (40.4% vs 14.5%; 
p = 0.002). After 2 years, there was a 56% median 
seizure reduction among all participants, with a 
≥50% response rate of 54%. Longer-term fol-
low- up showed continued improvement over 
time, with a mean seizure reduction of 69% and a 
68% responder rate at 5 years [78].

In the SANTE trial, self-reports of new-onset 
depressive symptoms and memory dysfunction 
were more common in the active stimulation arm, 
though there were no objective between-group 
differences detected in mood or cognition [77]. 
At 7 years, some complaints persisted but were 
not accompanied by objective neuropsychologi-
cal declines; by contrast, as a group, subjects 
actually scored higher in measures of executive 
function and attention [79].

The anatomy of the circuit of Papez fueled the 
supposition that patients with frontotemporal or 
limbic circuit seizures might fare better with 
ANT DBS than those with onset zones elsewhere. 
Indeed, there was a suggestion within the SANTE 
trial that patients with temporal lobe foci 
responded the best, and a subsequent meta- 
analysis of eight ANT studies showed a 59% 
response rate for achieving at least a 70% seizure 
reduction [80]. Temporal lobe epilepsy patients 
were overrepresented in the SANTE trial, though, 
so it is difficult to draw definitive conclusions.

 Technique

We perform ANT DBS in two stages: lead inser-
tion and pulse generator implantation. As with 
RNS, we use one of several approaches to lead 
insertion, all performed under general anesthesia 
and all with direct targeting. Because of the direct 
targeting, we favor lead insertion in the MRI scan-
ner using the ClearPoint system. The ANT can be 
visualized on T2 and short-tau inversion recovery 
(STIR) sequences (Fig. 27.2), as well as with the 
FGATIR sequence [81]. Since placing the leads 
accurately within the ANT appears critical to out-
come [82] and there is yet an unestablished role 
for either microelectrode recordings or intraoper-
ative test stimulation, we feel that direct confirma-
tion of targeting with intraoperative MRI is the 
preferred approach. However, the surgery is 
equally as effectively performed with conven-
tional or platform stereotactic frames, so long as 
some form of intraoperative radiographic verifica-
tion is performed. This is ideally done with intra-
operative CT scan (i.e., 3D) or with biplanar 
imaging. It should be noted that solely using lat-
eral radiographs will not detect medial deflections 
of the DBS lead, which are not uncommon.

Thalamic anatomy varies substantially 
between patients; thus, indirect targeting with 
standardized coordinates relative to the anterior 
or posterior commissure is not appropriate, even 
though that is how targeting was performed in the 
SANTE trial. We plot a transventricular approach 
using entry points roughly at the coronal suture, 
targeting just anterior to and 1–2 mm above the 
MTT-ANT junction (Fig.  27.2), which is best 
visualized on sagittal STIR images. The goal is to 
place contacts within the ANT itself – not within 
the MTT. Malposition secondary to deflection off 
of the ependymal surface of the thalamus is not 
uncommon; a sharp stylet (but see below) or a 
long cannula inserted all the way to the target can 
help avoid this pitfall.

The ANT is defended by veins draped around 
and over its ependymal surface: the thalamostri-
ate vein supero-laterally, the superior choroidal 
vein supero-medially, and the internal cerebral 
vein ventromedially (Fig. 27.2). The surgical tar-
get lies near the junction of these veins, but there 
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is significant variability from patient to patient 
and from side to side within individual patients. 
Threading the needle through this venous web 
can be challenging, and on rare occasions, a safe 
approach may require a lateral or posterior extra-
ventricular trajectory, though there is some evi-
dence these trajectories are inferior in achieving 
accurate targeting [83]. Because a posterior 
approach may mandate prone positioning of the 
patient, we advise an initial planning session the 
day before surgery.

 Post-op Care and Complications

As with other neurostimulator systems, the 
device is typically not activated for several weeks. 
This is in part because impedance around the 
electrode changes with postoperative edema 
which, using the FDA-approved constant voltage 
Medtronic generator, can lead to current fluctua-
tions. Final stimulation parameters are fairly 
standardized between patients. In the SANTE 
trial, all patients were initially programmed with 
a monopolar configuration, 5  V, 145  Hz, 90 μs 
pulse width, and intermittent stimulation with a 
duty cycle of 1 min on and 5 min off. One patient 
in the active treatment arm during the blinded 
phase had a flurry of over 200 brief partial sei-
zures associated with activation of the device; 
these resolved with lowering of the stimulation 
amplitude to 4  V.  For this reason, we start at 
1–2 V and then increase gradually over several 
clinic visits.

Adverse events can be divided into those asso-
ciated with DBS implantation and those associ-
ated with ANT stimulation. Regarding the former, 
in the SANTE trial there were five asymptomatic 
intracranial hemorrhages (4.5%), in keeping with 
rates in the literature for DBS lead insertion [84–
87]. The 12.7% infection rate (14 participants; 
device removal needed in 9) was slightly higher 
than might be expected based on other series 
[84]. Implant site pain was reported by 10.9% of 
subjects.

Stimulation-related adverse events in the 
SANTE trial included induced seizures, pares-
thesias, depressive symptoms, and memory 

impairment. Five patients had an episode of sta-
tus epilepticus: two after device insertion but 
before activation, one on activation that 
resolved with reprogramming, one during stim-
ulation that required hospitalization, and one 
long after stimulation had been discontinued 
for 1  year. Complaints related to mood and 
memory were more common in the treatment 
than sham arm of the trial, but as discussed 
above these did not translate into verifiable dec-
rements in neuropsychological performance. 
Patients should be counseled preoperatively 
regarding these symptoms.

 Comparison of Therapies

Though the pivotal trials for VNS, RNS, and ANT 
DBS enrolled similar patients, any direct com-
parison of the therapies suffers from the method-
ological differences between the trials and a lack 
of head-to-head studies. Long-term seizure reduc-
tions and responder rates for VNS are slightly 
inferior to those for DBS and RNS. At present, 
there is sparse available data to distinguish DBS 
and RNS with regard to seizure reduction, seizure 
freedom, quality of life, neuropsychological out-
come, and risk of SUDEP.

Seizure freedom rates are similar between 
DBS and RNS, with 16% experiencing a 6-month 
period of seizure freedom with DBS (over a mon-
itoring period of 5 years) vs 23% with RNS (over 
7 years) [54, 78]; rates of seizure freedom with 
VNS are more modest. Quality-of-life improve-
ments are observed for subjects with all three 
therapies [58, 79, 88–90].

SUDEP remains a major cause of mortality 
for those with poorly controlled seizures [91], 
and all three neurostimulation therapies appear to 
attenuate the risk to a similar degree. Analysis of 
a large database of patients with VNS revealed an 
age-adjusted SUDEP rate of 2.47/1000 person- 
years in years 1–2 after implantation [92] versus 
6.3–9.3/1000 person-years among a presumably 
similar cohort of patients being considered for 
epilepsy surgery [93]. There was one probable 
SUDEP death in the SANTE trial during the 
baseline phase and two definite and one possible 
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after implantation, yielding a definite/probable 
rate of 2.9/1000 patient-years. A review of deaths 
of RNS patients from pivotal trial and post- 
approval studies identified 1 probable and 4 defi-
nite events, corresponding to a definite/probable 
rate of 2/1000 patient-years [94].

Are these therapies synergistic? In other 
words, could the effects of VNS, DBS, and RNS 
be additive in an individual patient? In short, we 
don’t know. In the RNS pivotal trial, 34% of sub-
jects had previously been implanted with VNS, 
and prior VNS was not found to be associated 
with RNS treatment response [52]. The small 
sample size and short assessment period (neuro-
modulatory effects of these therapies evolve over 
years) limit the conclusions that can be drawn 
from these data. In the SANTE trial, explantation 
of any preexisting VNS system was mandated for 
trial participation [77], so there are no data on 
synergistic effects.

At this time, we lack a data-supported frame-
work for informing selection of a therapy. In the 
absence of data, our decisions routinely boil 
down to patient-related factors. Frequent seizures 
arising from outside the circuit of Papez, for 
example, in primary motor or sensory cortex, are 
probably best suited to RNS.  Poorly character-
ized multifocality may lend itself to ANT DBS, 
perhaps preceded by VNS  – particularly if a 
patient is apprehensive about intracranial stimu-
lation. Bitemporal epilepsy patients are candi-
dates for DBS or RNS, with the latter favored if 
there is a question as to whether there is truly 
bitemporal disease such that one positive out-
come could be to determine that there are only 
unilateral onsets and thus candidacy for more 
definitive surgery (i.e., resection or ablation). 
Patients with a reasonable expectation of needing 
future MRI scans may not be suitable for RNS, 
nor are patients with compliance difficulties, 
such as those unwilling or unable to submit to 
regular uploads of their data or those for whom 
travel to frequent RNS programming visits is not 
feasible. DBS and VNS are more standardized in 
programming, and therefore do not require fol-
low- up that is quite as intensive. Finally, patient 
preference regarding the need for craniotomy 
with RNS needs to be considered, including the 

subsequent neurostimulator replacements that 
can predispose to infection or erosion.

 Deep Brain Stimulation 
of the Centromedian Thalamus

Heretofore we have discussed therapy for patients 
with refractory partial-onset seizures. A common 
clinical dilemma is the management of patients 
with poorly controlled primary or symptomatic 
generalized epilepsy. None of the three afore-
mentioned neurostimulation therapies carries 
FDA approval for generalized epilepsy. VNS, 
however, has long been used off-label for gener-
alized epilepsy, and while there are no prospec-
tive trials, retrospective review of a large registry 
has supported its effectiveness [29]. ANT DBS 
and RNS are both untested in this realm.

DBS of another thalamic target – the centro-
median nucleus (CM)  – has received attention 
from groups in Mexico, the UK, South Korea, and 
Brazil. Limited series have provided evidence for 
efficacy in generalized epilepsy – particularly for 
Lennox-Gastaut syndrome (LGS). We have begun 
offering CM DBS to select adult patients with 
generalized epilepsy who have exhausted medical 
therapy and VNS. As such, we provide below a 
limited discussion of the therapy. To be clear, CM 
DBS is currently an off-label use in the USA.

 Rationale

The CM is regarded as a node in the ascending 
reticular activating system, which modulates 
cortical excitability. It has strong projections to 
the striatum and insula [95], and in primates, it 
also projects diffusely to neocortex, particularly 
motor and premotor cortices [96, 97]. Its diffuse 
cortical projections support the observation that 
a “recruiting rhythm,” with widespread induced 
cortical synchrony, can be reliably generated 
with low-frequency CM stimulation. High- 
frequency CM stimulation, by contrast, is 
hypothesized to desynchronize cortical activity, 
providing a putative mechanism for seizure 
inhibition.
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 Evidence and Outcomes

Velasco’s promising initial report of successful 
CM stimulation [98] motivated continued inves-
tigation by his group and others [99–104], which 
have documented reductions in EEG spiking and 
the frequency of generalized tonic-clonic and 
absence seizures, favorable responses in Lennox- 
Gastaut syndrome, and inconsistent but generally 
unfavorable responses in frontal and temporal 
lobe epilepsy.

There have been three small prospective trials 
of CM DBS, none of which enrolled exclusively 
generalized epilepsy patients. In retrospect, the 
trials suffered from small sample sizes, patient 
heterogeneity, and methodological and outcome 
reporting inconsistencies.

In one trial [105], seven patients were enrolled 
in a double-blind crossover study in which active 
or sham CM stimulation was delivered for 
3 months, followed by a washout period and then 
a crossover. Stimulation was delivered at a lower 
intensity than used by the Mexican studies to 
avoid the potential unblinding associated with 
paresthesias and for only 2 hours per day. Patients 
experienced a mean reduction of 30% during the 
active stimulation arm vs 8% in the sham arm, 
which was not statistically significant, though 
dropout of one patient with effective stimulation 
may have limited statistical power. Generalized 
seizures were noted to respond more than partial 
seizures in an open-label extension.

In a second trial [99], 13 patients implanted 
with CM DBS underwent a 3-month double-
blinded stimulation off period after 6, 12, or 
9 months of active stimulation. Velasco reported 
that unblinded active stimulation yielded marked 
reductions relative to baseline in generalized 
tonic-clonic seizures, absence seizures, general-
ized spike-wave discharges, and frontal spikes 
but no change in complex partial seizures or tem-
poral spikes. However, there was no change in 
frequency of total number of seizures or of any of 
the seizure types during the blinded stimulation 
off period.

Most recently, Valentin [103] reported a study 
of 11 patients with either generalized or frontal 
epilepsy implanted and then activated in a single- 

blinded manner after a washout period. Two 
patients achieved a seizure-free period lasting 
>1 year with implantation alone (no stimulation). 
Of those with symptomatic or idiopathic general-
ized epilepsy (n = 6), during the 3-month active 
stimulation period, all had ≥50% improvement in 
seizure frequency (two of them had been seizure- 
free from insertion alone); in the long-term exten-
sion, five of six had ≥50% improvement in the 
major seizure frequency, with three of five being 
seizure-free. Only one of five patients with fron-
tal lobe epilepsy had a ≥50% response during the 
blind period.

 Technique and Post-op Care

We perform CM DBS under general anesthesia 
with the patient in the operating room in a stereo-
tactic frame. Direct MRI targeting, as we use for 
ANT, is not useful given inability to directly 
visualize CM. We have also observed that solely 
relying on indirect targeting, using atlas-based 
calculations, is also likely less effective given 
high patient-to-patient variability in this patient 
population. Microelectrode recordings have 
uncertain utility. Intraoperative stimulation test-
ing consists of generating a cortical recruiting, 
rhythm, which does not require an awake, partici-
pating patient. To assess for this rhythm, scalp 
EEG electrodes are placed around the operative 
field prior to prepping and draping.

Since the CM is not MRI-visible, we perform 
indirect targeting using published coordinates 
and then adjust as needed based on patient anat-
omy. The CM is a large nucleus; existing data 
suggest that accurate placement influences 
 outcome [99]. Published targets vary by center, 
but common coordinates for generalized epilepsy 
are 10 mm lateral to midline, 0–4 mm anterior to 
the PC, and 0–1 mm above the AC-PC plane 
(Fig. 27.3).

We insert both electrodes and then screen for 
cortical recruiting rhythms. We deliver monopo-
lar stimulation in the form of 6 Hz square waves 
with 300 μs pulse width for 30 seconds at a time 
at escalating amplitudes, usually in 1 or 2  V 
increments. The scalp EEG is screened for a 
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recruiting response. A typical finding is the 
appearance of a low-amplitude and low- 
frequency (i.e., <6  Hz) rhythm  – often in only 
one hemisphere  – at lower stimulus amplitudes 
that evolves into a more robust 6  Hz high- 
amplitude signal at higher stimulus amplitudes 
(Fig. 27.4).

As with ANT DBS, patients are activated after 
a delay of several weeks. Parameters are incre-
mented slowly. Stimulation is delivered in mono-
polar mode at 60 Hz and 90 μs pulse width and 
with a voltage dictated by patient tolerance. It is 
unclear as yet whether continuous or intermittent 
stimulation is superior.

a b

Fig. 27.3 Sagittal (a) and axial (b) sections through the 
CM nucleus, adapted from [106]. Sagittal section is 10 mm 
lateral to midline, and axial section is 2.7 mm dorsal to 
AC-PC plane. Abbreviations: AC anterior commissure, 

CM centromedian nucleus, Hb habenula, MD mediodorsal 
nucleus, PC posterior commissure, Pf parafascicular 
nucleus, Pu pulvinar, VL ventral lateral nucleus, VPL ven-
tral posterior lateral nucleus

Fig. 27.4 Example intraoperative confirmation of CM 
targeting with cortical recruiting rhythm. Depicted is a 
bilateral cortical recruiting rhythm generated by unilateral 

CM monopolar stimulation, delivered as square waves at 
6 Hz, 300 μs pulse width, and up to 6–8 V
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Treatment-Resistant Depression: 
Deep Brain Stimulation

Patricio Riva-Posse and A. Umair Janjua

 Introduction

Major depressive disorder (MDD) is a debilitat-
ing disease that has a lifetime prevalence of 16% 
in the US population [1]. It is estimated that 
MDD causes an economic burden of approxi-
mately $83 billion annually due to multiple 
socioeconomic factors including loss of work-
days and productivity [2]. In a nationally repre-
sentative sample of more than 3000 workers, 
patients with major depression lost 27.2 work-
days per year [3]. Such a debilitating disease 
brings about a prominent healthcare burden, as 
suicide is the tenth leading cause of death in the 
United States, claiming the lives of 47,000 peo-
ple annually, and ranking as the second leading 
cause of death for ages 10 to 34.

The current diagnostic criteria within the 
Diagnostic and Statistical Manual of Mental 
Disorders, Fifth Edition (DSM 5), for MDD 
include a continuous 2-week period where the 
patient must exhibit at least five out of nine symp-
toms (depressed mood, anhedonia, changes in 
weight/appetite, feelings of guilt, changes in 
sleep, loss of energy, decreased concentration, 
psychomotor agitation/retardation, feelings of 

worthlessness, thoughts of suicide); one symp-
tom must be either depressed mood or anhedonia, 
and symptoms must be a change from baseline 
and cause a marked impairment in function while 
not being associated with other medical causes or 
a component of other psychiatric illness (i.e., 
bipolar disorder, schizophrenia) [4]. Identification 
and treatment of depression has increased in 
recent decades. The use of antidepressants is 
more common today than decades past, in part 
due to increased access to treatment but also due 
to the introduction of medications that have bet-
ter side effect profiles and tolerability [5]. The 
vast majority of oral antidepressant treatments 
have targeted monoaminergic pathways, namely, 
serotonin, dopamine, and norepinephrine [6]. 
Since the discovery of monoamine oxidase inhib-
itors and tricyclic antidepressants in the 1960s, 
these neurotransmitters have been the main target 
of medications intended to treat mood symptom-
atology. This may explain why there are minimal 
differences in the efficacy of oral antidepressants 
[7]. Unfortunately, despite having more options 
for treatment, the treatment efficacy of these 
medications is limited, and there are certain 
patient populations that fail to respond or stop 
responding to medication. The largest antidepres-
sant clinical trial, STAR-D (Sequenced Treatment 
Alternatives to Relieve Depression), found only 
one-third of patients achieved remission after 
their first antidepressant trial. In addition, further 
success of achieving remission decreased with 
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each additional antidepressant trial, and the 
 likelihood of relapse was higher [8]. Depressed 
patients with multiple treatment options and 
ongoing failures have been described as suffering 
from treatment-resistant depression (TRD). 
There are several classifications for treatment 
resistant depression that are usually based on the 
number and types of treatment failures as well as 
the duration of the illness [9, 10]. Typically, TRD 
is defined as failure of two antidepressant treat-
ments with adequate duration, augmentation 
strategies, and behavioral therapies. Within this 
population, symptoms are severe, and there is 
even greater economic, healthcare, mortality, and 
social burdens [11]. Almost one-third of patients 
suffering from MDD do not improve after ade-
quate treatments and will be considered as having 
TRD. About 10% have the more difficult to treat 
illness, having failed not only multiple medica-
tions, but non-pharmacological interventions 
such as neuromodulation approaches [12]. 
Patients suffering from depression that is treat-
ment resistant undergo more medication trials 
and hospitalizations, have higher rates of disabil-
ity, and have higher rates of suicide [13, 14].

Treatment options beyond oral psychophar-
macology include electroconvulsive therapy 
(ECT), repetitive transcranial magnetic stimula-
tion (rTMS), and, more recently, ketamine and 
esketamine [15]. ECT has been historically the 
most effective intervention for TRD and is con-
sidered superior to all other treatments of depres-
sion, with remission rates of 60–90% reported in 
clinical trials, depending on the patient popula-
tion and type of stimulus used [16]. However, the 
chance of response might be lower in patients 
with longer depressive episodes and/or who have 
failed to respond to numerous medications.

Other type of noninvasive neuromodulation 
involves the delivery of magnetic pulses via 
rTMS. Multiple meta-analysis show efficacy by 
stimulation of the dorsolateral prefrontal cortex 
(DLPFC) [17, 18]. However, rTMS requires daily 
treatment for up to 6 weeks, while there is much 
to learn about the optimal treatment parameters. 
Patients with high levels of treatment resistance 
are less likely to respond to rTMS [19].

The use of neurosurgery within psychiatry 
has been in existence since before there were 

antidepressants [20]. Neurosurgical approaches 
in psychiatry are considered some of the earliest 
treatment approaches to TRD.  Previous 
approaches have had various ranges of efficacy 
(30–70%) with treatments for melancholic fea-
tures including anterior cingulotomy, stereotac-
tic subcaudate tractotomy, limbic leucotomy, 
and anterior capsulotomy [21, 22]. Such man-
agement fell out of favor due to the possibility of 
personality and cognitive changes and the fact 
that interventions were permanent and irrevers-
ible. The dawn of psychopharmacology also 
contributed to a less invasive approach to the 
treatment of psychiatric disorders.

In recent decades, the insights provided by 
functional neuroimaging shed light into the func-
tioning of distinct areas of the brain in patients suf-
fering from mood disorders. Additionally, there 
has been a move toward a conceptualization of 
neuropsychiatric disorders as dysfunctional brain 
networks. Functional imaging allowed the prog-
ress beyond a static lesion model highlighting the 
relevance of interconnected nodes and neural cir-
cuits in the pathophysiology of depression. 
Neuroimaging techniques introduced the possibil-
ity of identifying the role of different areas of the 
“mood regulation network” in distinct aspects of 
the depressive symptomatology [23]. Recognition 
of these cortical and subcortical nodes, the path-
ways between them, functional changes observed 
in pathological states, and mood changes when 
these areas were targets of surgical ablation for 
other neuropsychiatric disorders opened the tan-
gible possibility of implementing invasive neuro-
stimulation in the form of deep brain stimulation 
(DBS). Since its initial reports in 2005, multiple 
targets have been tried as a therapeutic option for 
treatment-resistant depression. While the exact 
mechanism of action of DBS is still unclear, it has 
become clear that it involves modulation of patho-
logically functioning circuits.

In the development of this chapter, the ratio-
nale for antidepressant treatment with DBS in 
different targets will be discussed. Anatomical 
targets include the subcallosal cingulate white 
matter (SCC), the ventral capsule/ventral stria-
tum or anterior limb of the internal capsule (VC/
VS or ALIC), the nucleus accumbens (NAcc), the 
supero-lateral medial forebrain bundle (MFB), 
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the inferior thalamic peduncle (ITP), and the lat-
eral habenula (LHb).

Several groups in North America and Europe 
have explored DBS for depression in these tar-
gets with varying results. While the initial publi-
cations documenting its potential efficacy go 
back almost 15 years, the field is still considered 
to be in its early stages. Considering the preva-
lence of depression, the levels of treatment resis-
tance, and the continuing high rates of suicide, 
the total numbers of patients who have received 
DBS for TRD remains in the low hundreds [24]. 
The pattern that happened in many of these tar-
gets started with initial promising results of open- 
label trials that were not successfully replicated 
in randomized, sham-controlled, double-blind 
studies. There are several reasons that can explain 
this discordance. Importantly, there may be a 
number of explanations that are related to study 
design, patient selection, or lack of clear bio-
markers that would define this clinically diverse 
syndrome. The knowledge base that has been 
developed in the last decade will likely give the 
clinical trials that may be conducted in the future 
a larger chance of success, as several aspects 
involving neurosurgical refinement of the tech-
niques have advanced, trial design has been criti-
cally discussed, and the promise of biomarkers 
appears closer to be fulfilled.

A historical and chronological discussion will 
be made, incorporating the basic and transla-
tional science behind the selection of targets and 
the advances in neuroimaging that have allowed 
improvement in the precision and implantation.

 Targets for DBS in Treatment- 
Resistant Depression

 Subcallosal Cingulate White 
Matter (SCC)

 Rationale
The anterior cingulate cortex plays a crucial role 
in the pathophysiology of depression. The par-
ticipation of this region has been verified through 
imaging data (both structural and functional), as 
well as through physiology. Multiple experi-
ments have described the subcallosal aspect of 

the anterior cingulate as a critical node in mood 
regulation networks involved in negative mood 
and antidepressant treatment response. Unlike 
other targets for DBS who had been previously 
studied in ablative surgery or in lesion studies, 
the subcallosal cingulate cortex did not fit classic 
“lesion-deficit” expectations. Functional imaging 
highlights this region as a primary dynamic mod-
ulator within a larger, multi-component mood 
regulation system.

The metabolism in the SCC (studied mostly 
through positron emission tomography) is posi-
tively correlated with depression and anxiety 
severity [25–27]. When normal controls under-
went a sadness induction experiment, increases 
in blood flow in the area were documented [28]. 
Patients who responded to antidepressant ther-
apy had a decline in metabolism from an abnor-
mal elevation toward normality [29]. These 
changes observed in the SCC were not isolated, 
and other brain region changes in treatment sup-
ported the concept of neurocircuitry-based 
changes in mood states. Resting state functional 
connectivity between SCC and the thalamus 
within the default mode network (DMN) is sig-
nificantly greater in depressed subjects. The 
length of the depressive episode is positively 
correlated with functional connectivity in the 
SCC in depressed subjects [30]. Meta-analytic 
findings show reliably increased functional con-
nectivity between the DMN and SCC predicting 
levels of depressive rumination [31, 32].

 Clinical Studies
The observations that described the overactivity 
of the SCC (Brodmann Area 25) and its abnormal 
connectivity with other brain regions involved in 
mood regulation in patients with TRD postulated 
that direct stimulation of that region, via DBS, 
would lead to a change in the depressive state. 
With this hypothesis in mind, the high-frequency 
stimulation of DBS would correct these abnor-
malities and restore normal mood regulation. A 
small pilot study of this approach was conducted 
in six severely treatment-resistant depressed 
patients (five had failed ECT) in Canada, and 
four of the six patients responded at 6  months 
(50% decline in depression severity from base-
line), with three of them achieving remission of 
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symptoms. There was a 71% reduction in the 
Hamilton Depression Rating Scale [33]. That ini-
tial cohort of 6 patients was increased to 20 
patients, who were implanted and monitored for 
antidepressant effects of chronic stimulation. 
One month after surgery, 35% of patients met cri-
teria for response with 10% of patients in remis-
sion. After 6  months, 60% of patients were 
responders, and 35% met criteria for remission, 
benefits that were largely maintained at 12 months 
[34]. Notably, the antidepressant effects of DBS 
were observed to be maintained. The long-term 
follow-up of this cohort of patients showed sus-
tained reduction in the mood rating scales. After 
1 year of DBS, 62.5% of patients were respond-
ers, and the response rate after 2 years was 46%, 
with 75% response rate after 3 years of stimula-
tion. These patients (as all patients being consid-
ered across different targets for DBS) were 
considered to be the highest level of treatment 
resistance, having been in the current depressive 
episode for almost 7 years. All of them had pro-
found occupational impairment prior to surgery 
(only 10% were employed) and had tried and 
relapsed after ECT.  DBS did not only cause a 
symptom reduction that was remarkable and sus-
tained, but functional impairment in the areas of 
physical health and social functioning progres-
sively improved up to the last follow-up visit 
[35]. No significant stimulation-related adverse 
events were reported during this follow-up, 
although two patients died by suicide during 
depressive relapses.

The initial enthusiasm led the field to attempt 
to replicate these findings in different centers. In 
the ensuing years, a number of single and multi-
center studies were published, demonstrating 
comparable degrees of efficacy in open-label 
designs (Table  28.1). Seventeen patients were 
implanted at Emory University. This study also 
included patients with bipolar 2 disorder (7 of the 
17 patients). After 6 months of stimulation, the 
response rate was 41% (7/17) and 92% after 
2 years of stimulation (12 of the 17 patients hav-
ing reached the latter timepoint by the time of 
publication). Interestingly, there were no differ-
ences in response between patients with bipolar 
disorder and unipolar major depression. There 

were no side effects related to stimulation, such 
as mania or cognitive changes [36]. Other centers 
have described similar outcomes, with many case 
series [37–40]. Puigdemont et al. reported that in 
eight patients with severe TRD the 6-month 
response and remission rates were 87.5% and 
37.5%, respectively. These dramatic improve-
ments were sustained after 12  months, with 
62.5% response and 50% remission rates. 
Another group in Germany implanted six sub-
jects and explored acute effects of stimulation but 
also described long-term antidepressant effects, 
with two of the six patients in remission of 
depression after 6  months of stimulation. 
Importantly, they did not describe side effects 
secondary to high-voltage stimulation [39]. An 
early analysis showed promising results of this 
target, as Berlim et  al. looked at four observa-
tional studies and found response and remission 
rates of 36.6% and 16.7%, 53.9% and 24.1%, and 
39.9% and 26.3% at follow-up endpoints of 3, 6, 
and 12 months, respectively [41]. There was an 
additional multicenter study conducted in three 
different sites in Canada that implanted 21 
patients [37]. Forty-eight percent of patients were 
responders at 6 months.

An industry-sponsored, multicenter study was 
conducted, with the initial intention of recruiting 
200 patients in the United States. The study was 
halted after a futility analysis determined that the 
likelihood of it achieving its primary outcome 
was low [48]. Ninety patients had been implanted 
by the time the study was stopped. Its primary 
outcome was response (≥40% reduction in 
depression severity from baseline) averaged over 
months 4–6 of the double-blind phase (24 weeks). 
Participants were randomized either active 
(n = 60) or sham (n = 30) stimulation, and then all 
participants received active simulation. There 
was no statistically significant difference in 
response during the double-blind, sham- 
controlled phase (12 (20%) patients in the stimu-
lation group vs 5 (17%) patients in the control 
group). These results were lower than the reports 
in the prior open-label studies, but interestingly 
the long-term (open-label) follow-up phase 
described an increase in response to treatment. 
The antidepressant effects doubled the initial 
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Table 28.1 Most relevant deep brain stimulation trials for major depressive disorder

Study Target Subjects Design Follow-up Results Impact
Mayberg 
et al. (2005) 
[33]

SCC 6 OLS 6 months 71% reduction in 
HAM-D; 66% 
response, 50% 
remission

First DBS for depression 
study. Positive clinical 
results, PET changes 
in local and remote areas

Lozano et al. 
(2008) [34]

SCC 20 OLS 1 year 55% response, 
33% remission

Showed sustained mood 
improvement at 1 year

Kennedy 
et al. (2011) 
[35]

SCC 20 OLS 3 years 64% response, 
43–50% 
remission

Long-term follow-up is 
safe and effective

Puigdemont 
et al. (2012) 
[42]

SCC 8 OLS 1 year 62.5% response, 
50% remission

Second independent 
study to show efficacy of 
SCC-DBS

Holtzheimer 
et al. (2012) 
[43]

SCC 17 OLS 2 years 41% response at 
6 months, 92% 
response at 
2 years (11/12 
patients)

Showed long-term 
efficacy and safety of 
SCC-DBS

Ramasubbu 
et al. (2013) 
[44]

SCC 4 OLS 6 months 50% response Longer pulse widths 
may have a role in 
antidepressive effects

Merkl et al. 
(2013) [39]

SCC 6 OLS 24–36 weeks 33% response, 
33% remission

SCC-DBS causes acute 
and chronic 
antidepressant effects

Puigdemont 
et al. (2015) 
[45]

SCC 5 COS 6 months Active phase, 4/5 
sustained 
response; sham 
phase, 2/5 
relapsed

Continuous electrical 
stimulation is necessary 
to avoid relapse. Slow 
return of symptoms

Accolla et al. 
(2016) [46]

SCC 5 OLS 24 months 20% response Posterior gyrus rectus is 
a viable target for DBS 
in MDD

Riva-Posse 
et al. (2017) 
[47]

SCC 11 OLS 1 year 81.8% response, 
54% remission

Tractography-based 
target selection DBS 
improves outcomes

Holtzheimer 
et al. (2017) 
[48]

SCC 90 RCT 6 months in 
RCT and then 
open-label 
follow-up

Response, 20% 
(active) vs 17% 
(sham); 
remission, 5% 
(active) vs 7% 
(sham)

Not clinically significant 
at primary endpoint. 
Increased response rates 
over long-term phase 
(open label)

Merkl et al. 
(2017) [49]

SCC 8 RCT and 
then OLS

28–48 months 37.% response at 
6 months
51% response 
(average), 33% 
remission in 
long-term 
follow-up

No clinical significance 
during double-blind 
phase (8 weeks); 
long-term treatment with 
significant response

Eitan et al. 
(2017) [50]

SCC 9 RCT- COS 13 months 44% response Long-term high-
frequency stimulation 
appears to be better than 
low frequency

Malone et al. 
(2009) [51]

VC/VS 15 OLS 12 months 53% response; 
40% remission

Significant improvement 
in depressive symptoms

(continued)
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Table 28.1 (continued)

Study Target Subjects Design Follow-up Results Impact
Malone et al. 
(2010) [52]

VC/VS 17 OLS 14–67 months 71% response at 
last follow-up, 
35% remission

Significant improvement 
in depressive symptoms 
over long-term 
follow-up

Dougherty 
et al. (2015) 
[53]

VC/VS 30 RCT and 
then OLS

16 weeks in 
RCT and then 
OLS

Response during 
RCT: 20% 
(active) vs 14.3% 
(sham); 
20–26.7% 
response in 
long-term 
follow-up

First DBS RCT

Bergfeld 
et al. (2016) 
[54]

vALIC 25 (OLS); 
16 (COS)

OLS and 
then 
RCT- COS

1 year (OLS), 
22 weeks 
(COS)

40% response 
(OLS phase); 16 
COS patients had 
lower HAM-D 
(p <0.001) during 
active DBS

vALIC DBS showed 
significant decrease of 
depressive symptoms. 
Discontinuation of 
stimulation was 
followed by return of 
depression

Bewernick 
et al. (2012) 
[55]

NAc 11 OLS 48 months 45% response Response found in 
patients with long-term 
follow-up

Millet et al. 
(2014) [56]

NAc 4 OLS 6 months 50% response 
during extended 
stimulation

NAc is a more promising 
target than caudate 
nucleus

Schlaepfer 
et al. (2013) 
[57]

MFB 7 OLS 12–33 weeks 86% response, 
57.1% remission

Rapid reduction of 
symptoms within 2 days, 
response with long-term 
treatment

Fenoy et al. 
(2016) [58]

MFB 4 OLS 26 weeks 75% response Rapid reduction of 
symptoms within 7 days 
and response with 
long-term treatment

Fenoy et al. 
(2018) [59]

MFB 6 OLS 1 year 80% response 
(4/5, one 
withdrawal, one 
lost to follow-up)

Sustained and durable 
antidepressant response

Jimenez 
et al. (2005) 
[60]

ITP 1 CR 18 weeks HAM-D scale 
from 42 to 6, 
100% remission

ITP DBS with 
prominent antidepressant 
effects

Raymaekers 
et al. (2017) 
[61]

ITP vs 
vALIC

7 COS 3–8 years Response to 
ALIC stimulation 
and ITP
2 suicides

6/7 patients preferred the 
vALIC

Sartorius 
et al. (2010) 
[62]

LHb 1 CR 4 months Remission Highlighted 
antidepressive effects of 
LHb; cessation of DBS 
current resulted in the 
return of depressive 
symptoms

Legend: OLS open-label study, RCT randomized controlled trial, COS crossover study, CR case report, SCC subcallosal 
cingulate, VC/VS ventral capsule/ventral striatum, vALIC ventral anterior limb of the internal capsule, NAc nucleus 
accumbens, MFB medial forebrain bundle, ITP inferior thalamic peduncle, LHb lateral habenula, HAM-D Hamilton 
Depression Rating Scale
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response rates at 18, 24, and 30 months, and half 
of the patients who were in the study showed a 
positive effect of chronic DBS.  Long-term sus-
tained antidepressant effectiveness has been 
demonstrated in other groups as well [49]. 
Stimulation appears to be most effective with 
high-frequency parameters, and delivery of stim-
ulation needs to be uninterrupted, with return of 
symptoms over periods of weeks if it were to be 
stopped [50].

Studies of this kind have multiple possible rea-
sons for failure. Among them, patient selection 
and study design are common culprits [63]. 
Neurosurgical stereotactic interventions have a 
unique source of variability between patients that 
other studies of antidepressant treatments do not 
have (except for rTMS): the anatomical precision 
of the implanted lead turned out to be a key factor 
in determining response to treatment [64]. The 
targeting of the SCC for DBS was originally cho-
sen by identifying the anatomical location of met-
abolic changes seen on positron emission 
tomography (PET). These imaging techniques 
lack the precision of high-resolution structural 
imaging and advanced neuroimaging sequences. 
Additionally, the SCC is a region of high anatomi-
cal variability without clear landmarks identifi-
able with routine in vivo imaging [65]. There was 
no difference between responders and non- 
responders to DBS in the anatomical coordinates 
that were used as guide for the implantation of the 
leads [66]. The advantage that open-label studies 
had then was probably related to the possibility of 
making contact changes in a trial-and- error 
approach. Within the confines of predetermined 
contact and stimulation parameter changes, a 

blinded trial could not control an essential factor 
of response. Knowledge of the white matter fibers 
and the network that were stimulated in the SCC 
became more apparent when newer methods 
combining tractography imaging and engineering 
methods that estimated the volume of activated 
tissue were combined (Fig.  28.1a) [67]. These 
findings suggested that small differences in elec-
trode location could generate substantial differ-
ences in the directly activated pathways and 
confirmed widespread network changes associ-
ated with DBS-induced antidepressant effects. 
Activation of a critical mass of a unique combina-
tion of cortical, subcortical, and cingulate path-
ways may be necessary for therapeutic benefit. A 
retrospective analysis of 17 subjects that had 
received DBS described that all responders shared 
a common tractography map [68]. Using models 
that calculate volume of stimulation with individ-
ualized stimulation parameters, each contact had 
a unique set of white matter fibers. All the DBS 
responders shared a combination of white matter 
tracts connecting the SCC to the rest of the cingu-
late cortex (via the cingulum bundle), bilateral 
medial frontal cortices (through the forceps 
minor), subcortical nuclei, and thalamus (via 
uncinate fasciculus and frontostriatal fibers). 
Once the pattern was identified in the retrospec-
tive analysis, a prospective testing of this hypoth-
esis was conducted. Eleven subjects were 
implanted using target selection for the DBS that 
was based on the connectivity map that was pres-
ent in responders [69]. This approach resulted in a 
significant increase in the response rate, with 8/11 
(72.7%) of patients improving by more than 50% 
from baseline after 6 months, with an additional 

a b c

Fig. 28.1 Deterministic tractography imaging of three DBS targets. (a) Subcallosal cingulate target. (b) Ventral 
 capsule/ventral striatum target. (c) Medial forebrain bundle target. (Credit: KiSueng Choi, PhD)

28 Treatment-Resistant Depression: Deep Brain Stimulation



424

subject becoming a responder at the 12-month 
timepoint (9/11–81.8% response rate). The “blue-
print” was reliably defined and precisely 
implanted in each of the 11 subjects. Prospective 
targeting allowed for personalized, patient-spe-
cific, target selection. This targeting method con-
firmed and validated the conceptualization of a 
network model with the cingulate as a hub, where 
engagement of remote areas of the depression net-
work is needed for the adequate antidepressant 
effect. Furthermore, there have been additional 
reports that confirmed the network model ratio-
nale behind the SCC-DBS.  Distinct patterns of 
white matter activation have been found to be 
related to the intraoperative responses when there 
are changes in autonomic behavior (heart rate 
elevation) as well as positive antidepressant 
responses [70, 71].

Diffusion tractography imaging (DTI) tracts 
are complex mathematical objects, and the validity 
of tractography-derived information in clinical set-
tings has yet to be fully established. Better ways of 
using tractography will involve evolving from a 
deterministic approach, which is a manual and 
iterative methodology, to data-driven probabilistic 
tractography-based targeting [72]. Replication, 
higher-volume trials, and well- described protocols 
for target selection will have the task to validate 
these promising methods [73, 74].

 Ventral Capsule/Ventral Striatum 
(Ventral Anterior Limb of Internal 
Capsule)

 Rationale
The ventral capsule/ventral striatum (VC/VS) 
also referred to as the ventral anterior limb of the 
internal capsule (vALIC) has been identified as 
another target for both depression and anxiety. 
For many years and still in use, ablative surgery 
in the form of anterior capsulotomy has been an 
effective treatment for treatment-refractory 
obsessive-compulsive disorder (OCD) [75, 76]. 
With DBS, patients with OCD not only demon-
strated improvements in OCD symptoms but also 
in depression scales after capsulotomy [77]. The 
findings of improved mood in patients with OCD 

led to exploration of this target for TRD. While 
initially replicating the old ablative approach, 
newer studies have demonstrated that stimulation 
in different contacts of the DBS leads along the 
span of the capsule-generated distinct patterns of 
activation along the cortico-striatal-thalamic- 
cortical network [78]. Modulation of neural 
activity with DBS showed increased perfusion 
based on whether the stimulation was more ven-
tral or dorsal along the lead axis in the VC/
VS.  Evidence was found that DBS at the most 
ventral site was associated with clinical changes 
in depressive symptom severity, but not OCD 
symptom severity.

 Clinical Studies
The surgical technique for VC/VS DBS involves 
stereotactic anatomic targeting, using high- 
resolution volumetric magnetic resonance imag-
ing for planning. The anterior limb of the internal 
capsule and the VS can be easily visualized on T2 
and inversion recovery images for direct target-
ing. Typical coordinates are 4–10 mm lateral to 
the midline, 3–5 mm ventral to the anterior com-
missure, and 1–3  mm anterior to the posterior 
border of the anterior commissure. DBS elec-
trodes are implanted bilaterally through the shaft 
of the internal capsule with the most ventral 
aspect in the NAcc [50, 79].

DBS in this region evolved naturally as a way 
to replicate the “functional lesion” caused by 
high-frequency stimulation. The first open-label 
study commented on VC/VS-DBS of 17 TRD 
patients and found response rates of 53% at 
12-month follow-up and 71% at the last follow-
 up after 14–67  months (and remission in 40%) 
[50, 51]. Such open-label results were promising, 
and a multicenter randomized clinical trial was 
designed with the goal of providing a higher level 
of evidence supporting this target for treatment in 
TRD.  DBS for OCD had already received a 
humanitarian device exemption in 2009 [52, 80]. 
A 16-week, randomized, sham-controlled trial in 
the United States did not find clinical significance 
in treatment response rates. Only 3 of the 15 
patients randomized to active stimulation (20%) 
had achieved response, while 2 of the 14 (14.3%) 
who received sham therapy responded. The 
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response rates in the open-label phase of 
24  months of follow-up were also low, with 
20–26.7% achieving response at any time during 
that period [52].

A different study, designed and conducted in 
the Netherlands, had better results although they 
were not directly comparable. The change in the 
trial was that it had an initial open-label optimi-
zation phase that lasted 52 weeks. This  open- label 
phase described a 40% overall response rate in 25 
patients. Mean depression scores decreased 
28.3% (Hamilton Depression Rating Scale – 17 
items) and 30% (Montgomery-Åsberg Depression 
Rating Scale (MADRS)). Of these 25 patients, 16 
(9 responders and 7 non-responders) were entered 
in a randomized crossover period (active-sham 
vs. sham-active). All responders had a return of 
symptoms within less than 2 weeks when stimu-
lation was discontinued [53]. There are reasons 
to think that different targets may have variable 
times to have relapse in symptoms when stimula-
tion is stopped [81].

Studies of DBS for OCD in this same target 
have started to identify neuroimaging techniques 
such as tractography, identifying certain fibers 
that are responsible for response in patients 
(Fig. 28.1b) [82]. In OCD, active stimulation of 
the capsule fibers closer to the MFB than the 
anterior thalamic radiations was associated with 
better treatment outcome (p  =  0.04; r2  =  0.34). 
Confirming the differences in tractography imag-
ing and standard anatomical imaging (like in 
SCC), stimulation sites were largely overlapping 
and could not differentiate responder status, sug-
gesting response is independent of the anatomi-
cally defined electrode position. As discussed 
earlier, the concept of the optimal target has 
evolved, from thinking of the target as a 
coordinate- determined gray or white matter 
structure to conceiving of the target as “tapping 
into” a circuit connects to several regions of the 
symptomatic network [83]. Innovative trial 
design, introduction of newer imaging methods, 
and engagement of specific biomarkers, whether 
physiologic, imaging, or neuropsychological, 
will continue to elucidate the mechanisms of 
action of DBS and making this target a viable 
therapy for patients with TRD.

 Nucleus Accumbens

 Rationale
The nucleus accumbens (NAcc) has been impli-
cated as a neuromodulation target since the ear-
lier days of this technology [84]. It is known to 
play key roles in the cognitive processing of 
motivation, reward (i.e., incentive salience, plea-
sure, and positive reinforcement), and reinforce-
ment learning [85]. Preclinical animal studies 
have long described the anti-anhedonic effects of 
electrical stimulation of the accumbens [86]. In 
animal models of depression, the reward system 
is dysfunctional and is reset by chronic adminis-
tration of an antidepressant [87].

 Clinical Studies
While septal stimulation had been conducted 
many decades ago, the “modern” beginnings of 
DBS in NAcc started when a group in Germany 
implanted three patients with severe refractory 
depression [88]. The three participants improved 
“immediately” in their depression when the stim-
ulator was on and worsened in all three patients 
when the stimulator was turned off. Using FDG- 
PET, significant changes in brain metabolism as a 
function of the stimulation in frontostriatal net-
works were observed. The cohort was extended 
to ten participants. After 1  year of stimulation, 
half (50%) were responders, and three patients 
were in remission [89]. Similar PET results were 
seen in this larger cohort, with decreased metabo-
lism in the subgenual cingulate and in prefrontal 
regions including orbital prefrontal cortex. DBS 
in the NAcc also has sustained and durable anti-
depressant effects, with the same open-label 
cohort describing response rates of 45% (5 of 11) 
at 48 [54]. A different group in France implanted 
four subjects with the intention of doing a pilot 
multicenter prospective, noncomparative, and 
open trial. Patients initially received caudate 
stimulation and, after lack of antidepressant 
response, accumbens stimulation. This change in 
the DBS stimulation target caused that three of 
the four subjects had positive changes in mood 
[55]. No cognitive or other major adverse effects 
were reported in either trial [90]. The literature 
provides promising evidence of NAcc-DBS 
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being a treatment for TRD; however, small sam-
ples have prevented definitive conclusions 
regarding its antidepressant efficacy.

 Medial Forebrain Bundle

 Rationale
The MFB is a part of the mesolimbic- mesocortical 
dopamine reward system [91]. Researchers have 
hypothesized the role of MFB stimulation as 
either a pathway to regulate descending gluta-
minergic fibers from the mPFC to the VTA and 
modulate dopamine and stimulate cortical brain 
regions. The MFB has been considered for a long 
time as an essential structure related to psycho- 
behavioral functioning in both animals and 
human subjects [92, 93]. There have been 
descriptions of its function involving affect regu-
lation, as well as the reward-seeking system [94, 
95]. The MFB, with its fibers traveling between 
the ventral tegmental area and the NAcc and 
structures beyond the reward-seeking system, 
appears to be involved in the pathophysiology of 
MDD.  Interestingly, while other targets within 
the reward system (ventral striatum and nucleus 
accumbens) had already been tried, the difficul-
ties identifying it in standard imaging had delayed 
its potential target for DBS in depression [96].

 Clinical Studies
The surgical technique of DBS in MFB invariably 
requires of deterministic tractography to individu-
ally map the target area (Fig. 28.1c). The original 
pilot study in Germany assessed safety and effi-
cacy of DBS in MFB in seven patients with TRD 
[56]. Strikingly, the antidepressant effects were 
very rapid in their onset, even faster than NAcc 
previously described. The authors described 
instant intraoperative antidepressant- like effects 
such as appetitive motivation. Within the first 
week of stimulation, patients already had signifi-
cant improvement, and the response and remission 
rates were 86% and 57.1%, respectively. The fast 
response was replicated in a different cohort of 
four patients implanted in the United Sates. Three 
of four patients had >50% decrease in depression 
scores after a week post- stimulation initiation rela-
tive to baseline [57]. A notable fact in these two 

case series is that in the original cohort, the patient 
who did not respond to DBS had had a minor 
intracranial hemorrhage in the trajectory of the 
lead, therefore irreversibly lesioning the intended 
target of stimulation. In the second cohort 
described above, the patient that did not respond to 
DBS had reduced frontal connectivity to the MFB 
when her DTI was analyzed. Both centers have 
published their long- term results, and the antide-
pressant effectiveness is sustained, and the neuro-
cognitive tests did not find changes in cognition or 
impulsivity [58, 97, 98]. Due to the proximity to 
oculomotor control areas in the midbrain, strabis-
mus and double vision are the most significant 
stimulation-related adverse effects of DBS in this 
target. In a similar manner to the rapid onset of 
antidepressant effects, there seems to be an abrupt 
return of depressive symptomatology if stimula-
tion is discontinued [81].

More recently, a clinical study with a random-
ized controlled onset of stimulation was reported 
[99]. Sixteen patients were implanted in the MFB 
and randomized to sham or real stimulation for 
the initial 2 months after implantation. The study 
reached its primary outcome at 12  months of 
stimulation, with all participants responding to 
DBS and a 56% mean decline in MADRS (50% 
of patients in remission). This lack of difference 
at this endpoint highlights the difficulties in trial 
design for DBS. It would be hard to imagine that 
a trial with the sustained antidepressant results as 
these have reported would be due to placebo 
effects. Patients with TRD usually have little 
response to antidepressant interventions, and 
these are usually short lived. But any regulatory 
agency who would have asked for a sham versus 
active trial as the primary efficacy outcome 
would have deemed this study inconclusive. The 
authors of this trial rightfully comment that slow, 
careful, and adaptive study development in DBS 
for depression is appropriate.

 Inferior Thalamic Peduncle (ITP)

The ITP is part of the circuit connecting the dor-
somedial thalamus and the orbitofrontal cortex 
[100]. Depression models have shown a dysregu-
lation in this connection [101]. A case report 
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regarding ITP DBS showed a decrease in depres-
sion scores early after surgery and sustained after 
8  months of stimulation using high-frequency 
DBS and very large pulse widths (3.5 V, 450 μs 
pulse width) [59]. There was a return of depres-
sive symptoms when stimulation was interrupted, 
and the antidepressant effects were recaptured 
after stimulation was resumed with sustained 
effects [102]. One trial attempted to evaluate the 
difference between stimulation in the internal 
capsule and the inferior thalamic peduncle. The 
group consisted of seven patients with TRD who 
were implanted and underwent blinded crossover 
periods of 2 months per target. Due to low num-
ber of participants, it was not possible to deter-
mine superiority of one target over the other. All 
patients (n  =  7) were followed up for at least 
3  years (3–8  years) after implantation. Six 
patients completed the first crossover and five 
patients completed the second. Two participants 
died of suicide. Numerically, it appeared as if 
depression scores were lower for capsule stimu-
lation. Three out of five subjects had response to 
ITP stimulation. Patients preferred the ALIC/
BNST target with no major adverse effects [60]. 
Further clinical studies are needed to further vali-
date the ITP as a DBS target for depression.

 Lateral Habenula

 Rationale
The LHb is an epithalamic structure that regu-
lates serotonergic raphe nucleus activity and 
modulates dopaminergic midbrain functions 
[103]. Increased activation of the lateral habenu-
lar nucleus leads to the downregulation of the 
serotonergic, noradrenergic, dopaminergic sys-
tems and stimulation of the hypothalamic- 
pituitary- adrenal (HPA) axis [104]. This 
overactivity in the habenula in depressive states 
may be counteracted by functional inhibition of 
the lateral habenula with DBS. The hypothesis is 
based on the findings of a clinical imaging study 
examining the habenula after tryptophan deple-
tion and several animal models of depression 
[86]. The acute antidepressant properties of ket-
amine (a rapid acting antidepressant) may be 
mediated through the habenula [105].

 Clinical Studies
Despite its promising neurobiological support, 
there have only been two case reports in the lit-
erature [106]. In one case, the authors reported 
remission of depressive symptoms after 4 months 
of habenular stimulation. Interestingly, cessation 
of DBS current resulted in the return of depres-
sive symptoms [61]. Further clinical trials, case 
series, and studies of comparison between targets 
are underway to further examine the feasibility as 
a DBS target.

 Conclusions

Psychiatric disorders are complex, with a con-
stellation of symptoms and signs that are mani-
festations of multiple interconnected relevant 
circuits (mood, reward, anxiety/fear, homeosta-
sis, cognition, etc.). Functional neurosurgery has 
been at the forefront of the advances in clinical 
neurosciences in the last couple of decades. 
Newer surgical techniques allow for more pre-
cise implantation, minimizing complications, 
and directly monitoring the physiologic changes 
caused by stimulation in the affected neurocir-
cuitry [107]. The progress in DBS for depression 
will come not from a single discovery or break-
through but with a concerted effort by all the par-
ties involved (basic scientists, neurosurgeons, 
psychiatrists, computational scientists, and bio-
medical engineering, to name some of them). 
Identification of biomarkers of illness, response, 
and change will play a role in the design of more 
precise targets for engagement [108]. Likewise, 
this will impact patient selection and trial design. 
The field of neuromodulation in psychiatry is 
ripe for interventions that bring hope for many 
patients with severe, treatment-resistant disor-
ders. The initial enthusiasm generated by small, 
open-label, and mostly single-center studies was 
followed by uncertainty when the results of mul-
ticenter, randomized, double-blind trials did not 
replicate the positive results [63, 109]. New 
ideas and approaches to address these insuffi-
ciencies have already been implemented into 
innovative ongoing trials that will further 
advance our knowledge in this complex field 
(NCT01984710, NCT03437928). The entire 
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field, not only clinicians and scientists but also 
industry, funding, and regulatory agencies, 
remains optimistic that better approaches to this 
problem will eventually deliver the critical 
answers that many patients need.
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 Introduction

Obsessive-compulsive disorder (OCD) has a life-
time prevalence of 2–3% [1, 2], confers significant 
impairment, and frequently presents with compli-
cating comorbidities. Patients with OCD experi-
ence obsessions and/or compulsions that cause a 
loss of productive time (≥1 hour per day and often 
several hours per day in severely affected patients) 
and significant distress or impairment. Patient 
insight is variable [3], which can lead to additional 
distress/impairment, but can also serve as a useful 
indicator of treatment outcome.

Although strong evidence for the heritability 
of OCD has been found [4], no individual genes 
have been identified [5]. Hypotheses stating that 
abnormalities in serotonin neurotransmission 

lead to OCD have been supported by both labora-
tory and clinical investigations. In addition to 
aberrant serotonin dynamics, abnormalities in 
other neurotransmitters are believed to play 
important roles in the development and progres-
sion of OCD.  Thus, both selective serotonin 
reuptake inhibitors (SSRIs) and the tricyclic anti-
depressant clomipramine are approved by the 
Food and Drug Administration (FDA) to manage 
obsessive-compulsive symptoms [6]. In addition, 
atypical antipsychotics have been found useful 
for augmentation of SRIs [7].

To understand OCD neuropathology, scien-
tists and clinicians have made tremendous efforts 
to characterize the brain circuitry in patients with 
OCD.  In the 1980s–1990s, the cortico-striato- 
thalamo-cortical (CSTC) loop model emerged to 
describe how these brain regions functionally 
coordinate efforts to control behavior [8–10]. 
Various such CSTC loops have been proposed 
and studied, each responsible for different aspects 
of motor, emotional, and affective behavior. 
Within each loop, so-called direct and indirect 
sub-networks are responsible for promoting and 
inhibiting the behavior, respectively, such that in 
the normal state, a homeostatic balance may be 
achieved. In particular, the CSTC loop including 
prefrontal cortical regions (Fig.  29.1) may be 
dysfunctional and hyperactive in OCD patients, 
leading to an imbalance between the indirect and 
direct pathways and subsequent uncontrolled 
obsessions [11, 12]. Other areas of the brain, 
such as the prefrontal cortex, limbic circuitry, 
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hypothalamus, and amygdala, may also play crit-
ical roles in OCD neuropathology [13, 14]. Most 
recently, a large meta-analysis has revealed that 
patients with OCD showed impaired task perfor-
mance with hyperactivation in bilateral dorsal 
anterior cingulate cortex, supplementary motor 
area (SMA), pre-SMA, right anterior insula/fron-
tal operculum (aI/fO), and anterior lateral pre-
frontal cortex during error processing. In contrast, 
during inhibitory control, patients with OCD 
demonstrated hypoactivation in the rostral and 

ventral anterior cingulate cortex, bilateral thala-
mus/caudate and parietal lobe, right aI/fO, and 
medial orbitofrontal cortex (Fig. 29.2). According 
to this theory, patients with OCD may be trapped 
in compulsive loops because erroneous OCD 
behaviors remained uncorrected by the hypoac-
tive inhibitory control network [15]. Thus, this 
suggested new framework builds off of the origi-
nal CSTC loop theory.

 Clinical Management of OCD

 Cognitive Behavioral Therapy

Cognitive behavioral therapy (CBT) is the first- 
line psychotherapeutic treatment for OCD and 
relies primarily on behavioral techniques, 
namely, exposure and response prevention (ERP) 
[16]. Although high-fidelity CBT with ERP is 
highly efficacious for many OCD patients 
(response rates up to 85%), some patients relapse 
following therapy, and up to 15% of patients have 
difficulty tolerating CBT [17]. Therefore, combi-
nations of CBT/ERP with pharmacotherapy are 
often required for symptom improvement in 
patients with OCD.  Indeed, while CBT mono-
therapy (when available) is recommended for 
mild and moderate severity cases, combined 
treatment is the intervention of choice for more 
severely affected patients [18].

Fig. 29.1 Diagram of the cortico-striatal-thalamic- 
cortical loop, which connects the orbitofrontal cortex, 
anterior cingulate cortex, thalamus, and basal ganglia and 
is traditionally thought to regulate the central pathophysi-
ology of OCD. FC frontal cortex, OFC orbitofrontal cor-
tex, S striatum, T thalamus

Fig. 29.2 Recent 
evidence supports 
dysregulation of 
multiple brain regions 
outside of the CSTC 
loop that result in OCD 
pathophysiology. Thus, 
evidence now supports 
an expanded and more 
complex etiology of 
OCD
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 Pharmacotherapy

To date, the FDA has approved four SSRIs 
(fluoxetine, fluvoxamine, paroxetine, and sertra-
line) and the tricyclic antidepressant clomip-
ramine for OCD treatment. Other medications, 
including escitalopram, venlafaxine, and other 
SSRIs, are also commonly prescribed to treat 
OCD.  Additionally, a group of antipsychotics, 
including haloperidol, risperidone, quetiapine, 
olanzapine, aripiprazole, and ziprasidone, have 
been used to augment treatment outcomes in 
OCD patients who respond poorly to SSRIs and 
clomipramine (Table  29.1). However, conclu-
sions regarding the addition of these antipsy-
chotics remain equivocal [19].

 Neuromodulation

In addition to CBT and pharmacotherapy, neuro-
modulation, including neurosurgery (stereotactic 
lesion procedures such as anterior capsulotomy or 
cingulotomy), DBS, and deep transcranial mag-
netic brain stimulation (dTMS), is an effective 
intervention in OCD treatment [14, 20–24]. In this 
chapter, we focus on DBS.  Lesion procedures, 

especially capsulotomy, are still in use today [25] 
and have certain advantages [20, 26], but we direct 
the reader to the referenced articles for a full dis-
cussion of this surgical option. Similarly, noninva-
sive deep transcranial magnetic brain stimulation 
(dTMS), which has been recently approved by the 
FDA for OCD treatment [27], will not be addressed 
in this chapter.

 Deep Brain Stimulation

Deep brain stimulation has been used for over 
two decades for treating neurological disorders 
and, more recently but at a rapidly increasing 
rate, for psychiatric disorders. DBS for move-
ment disorders such as essential tremor, 
Parkinson’s disease, and dystonia received US 
FDA approval in the late 1990s and early 2000s, 
as described in the respective chapters on these 
topics. The first trial of DBS for OCD was pub-
lished in 1999, demonstrating the initial promise 
of this therapy for patients with treatment- 
resistant OCD [28]. DBS for OCD was approved 
by the FDA under a Humanitarian Device 
Exemption (HDE) in 2009 [29]. Since then, a few 
dozen studies have established a high level of 

SSRIs Tricyclic Antidepressants Antipsychotics SNRI

Fluoxetine Clomipramine Aripiprazole Venlafaxine

Fluvoxamine Haloperidol

Paroxetine Olanzapine

Sertraline Quetiapine

Escitalopram Risperidone

Ziprasidone

Medications approved by the FDA for use in OCD are highlighted

Table 29.1 Pharmacotherapy used to treat OCD
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 evidence supporting the efficacy of this therapy 
for severe, treatment-refractory OCD, as 
described below in the section on outcomes.

 Indications and Contraindications

Determining candidacy for DBS for OCD 
requires thoughtful deliberation by an experi-
enced, multidisciplinary committee consisting of 
representatives from psychiatry, psychology, 
neurosurgery, and, at times, ethics and other dis-
ciplines [30]. Patients must demonstrate appro-
priate primary diagnosis, chronicity, severity, and 
treatment refractoriness, as well as the lack of 
other comorbid diagnoses that could interfere 
with the DBS treatment. Inclusion criteria typi-
cally include:

 1. Adults with a diagnosis of OCD based on the 
DSM-5 diagnostic criteria [31].

 2. A well-documented chronic history of OCD 
(duration ≥5 years).

 3. Severity, as determined by a Y-BOCS/Y- -
BOCS- II score ≥28 [32–34].

 4. Refractoriness, as determined by failure to 
achieve adequate and long-lasting symptom 
control with pharmacotherapy and cognitive 
behavioral therapy (CBT). Adequate pharma-
cotherapy typically consists of trials of ade-
quate dose and duration using multiple SSRIs 
(≥3), clomipramine, and augmentation with 
antipsychotics (≥2). Adequate CBT consists 
of a trial (total ≥25 hours) of expert exposure/
response prevention (ERP) therapy.

 5. Be in good general health with no major med-
ical issues.

 6. Have full capacity to understand and comply 
with instructions and to give full informed and 
written consent.

 7. Have sufficient social support and appropriate 
expectations regarding treatment outcome.

Common exclusion criteria include:

 1. Significant psychiatric comorbidities that 
could interfere with treatment, such as psy-
chotic or personality disorder.

 2. Significant neurological comorbidity, such as 
major neurocognitive disorder.

 3. Significant recent substance abuse.
 4. Acute psychiatric safety issues, including 

imminent risk to harm self or others.
 5. Pregnancy.

 Procedure

The DBS procedure is performed much like a 
DBS procedure for any other indication. A volu-
metric MRI scan with and without contrast is 
obtained prior to surgery for planning purposes. 
A high-quality T1-weighted sequence is typically 
all that is needed to see the required landmarks if 
one is targeting the region of the ventral portion 
of the anterior limb of the internal capsule 
(ALIC). The FGATIR sequence [35] also shows 
these landmarks very well. There are many nomi-
nal targets in this region, but they are likely dif-
ferent names for the same optimal target region, 
as described below. Because this target region is 
the one approved under the US FDA HDE, and 
because most of the published experience is in 
this target region, we focus on this target here.

The key anatomical landmarks are the anterior 
commissure (AC), ALIC, ventral striatum (VS), 
and the fornices. As described below in the out-
comes section, the optimal target has empirically 
moved posteriorly over the course of accumu-
lated clinical experience in the past decade. 
Today, most groups target within a few mm of the 
AC in the anterior-posterior (Y) direction. The 
classical ventral capsule/ventral striatum (VC/
VS) or “ventral ALIC” target is approximately 
0–2  mm anterior to the AC, whereas the bed 
nucleus of the stria terminalis (BNST) target is 
approximately 0–2  mm posterior to the AC 
(Fig.  29.3). We have used both targets with 
 success, and ongoing work seeks to individualize 
targeting based on patient-specific white matter 
pathway reconstruction, as also described below. 
The superior-inferior (Z) coordinate is usually 
just below the AC-PC plane for both of these tar-
gets. We usually plan for the most ventral contact 
to be within the gray matter (VS or BNST) and 
the higher contacts to be in the white matter just 
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dorsal to it. The medial-lateral (X) coordinate is 
adjusted to keep the trajectory within the white 
matter of the capsule. Once the target is set, we 
choose an entry point that keeps the trajectory 
aiming down the barrel of the ALIC. We also use 
a contrast-enhanced sequence to adjust the entry 
point so that the trajectory does not cross blood 
vessels.

The stereotactic apparatus is of course the sur-
geon’s choice, whether traditional frame, robotic 
stereotactic system, skull-mounted frame, or 
other method. Our practice is to use a traditional 
frame. We apply the frame in the OR with local 
anesthesia, sometimes with the aid of light IV 

sedation. The patient is then positioned in a com-
fortable, reclined position and sedated under 
monitored anesthesia. We mark the entry points 
and plan the incisions. We use two curvilinear 
incisions designed to prevent the incision from 
overlying the hardware of the burr hole cover. We 
prefer two smaller incisions to a single bicoronal 
incision as the entry points for this target are usu-
ally quite lateral on the skull (given the coronal 
angle of the ALIC; see Fig. 29.3), and thus a sin-
gle coronal incision would have to be quite long.

We perform a standard opening and awaken 
the patient. We do not find microelectrode record-
ings clinically useful for targeting and instead 

Fig. 29.3 Typical trajectories used for DBS for 
OCD. Trajectories are shown for BNST (a, c, e, magenta 
trajectory) and VC/VS targets (b, d, f, red trajectory). (a) 
shows coronal, sagittal, coronal inline and axial views (in 
clockwise order starting with top left panel) of a typical 
BNST target on an FGATIR MRI sequence. (b) Shows the 
same for a VC/VS target. (c, d) Show axial (left) and coro-
nal inline (right) views on a T1 MRI sequence for BNST 
and VC/VS targets, respectively. (e) Shows a zoomed-in 

view of the BNST target in axial FGATIR (left) and coro-
nal inline T1 (right) sequences. The target lies between the 
AC anteriorly and the fornix postero-medially. (f) Shows 
the same as (e) for the VC/VS target. We typically target 
the ventral-most contact of the DBS lead in the gray mat-
ter (as shown here), with the dorsal contacts in the overly-
ing white matter. Note that only unilateral trajectories are 
shown here for the sake of clarity, even though plans are 
typically bilateral
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prefer intraoperative imaging (3D fluoroscopic 
imaging/CT) to verify the appropriate position of 
the lead. We routinely perform intraoperative 
macrocontact stimulation testing through the 
DBS lead. We find that obtaining a “mirth” 
response with intraoperative stimulation is an 
excellent predictor of later clinical improvement 
[36]. Once both leads are secured, we obtain a 
final 3D image to verify the lead position prior to 
ending the procedure. We usually perform the 
second stage (pulse generator implantation) 
immediately following lead placement, after re-
positioning and re-draping, rather than staging the 
generator as we usually do for movement disorder 
cases. Most patients go home the following day.

 Activation, Programming, 
and Adjustment of the DBS Device

The process of optimizing stimulation conditions 
typically takes 6–12  months. For the first 
2 months, patients return for follow-up appoint-
ments roughly every 2 weeks. Afterward, patients 
return to follow-up approximately monthly or per 
protocol if on a clinical trial. Patients may be pro-
vided a patient programmer to make small adjust-
ments themselves at home between appointments. 
However, providing patients this ability is always 
preceded by thorough education, specific instruc-
tions, and demonstration by members of the care 
team. In the rare event of complete non-response 
and occurrence of adverse effects, the device may 
be eventually removed.

During postoperative programming visits, 
DBS stimulation parameters are adjusted by an 
experienced psychiatrist with expertise in both 
OCD and DBS programming. The device is pro-
grammed telemetrically using a handheld tablet. 
As in DBS for movement disorders, the follow-
ing stimulation parameters can be adjusted: 
selection of active contact(s) across the leads, 
amplitude, frequency, and pulse width. As the 
number of different possible permutations is 
enormous, programming algorithms built on 
prior clinical experience are followed to render 
this task more manageable. Initially, a monopolar 
survey is conducted with frequency typically set 

between 130 and 150  Hz at a constant pulse 
width of 90–150 microseconds. Amplitudes are 
gradually adjusted as tolerated and guided by 
bedside assessment of mood/affect, “energy,” and 
anxiety. Acute induction of a mirth response is 
used to guide programming. However, it is criti-
cal not to send the patient home on settings that 
produce hypomania. Future visits take into 
account changes in OCD symptom severity as 
reflected in changes in Y-BOCS scores.

 Clinical Efficacy of DBS for OCD

As mentioned above, the first attempt at DBS for 
OCD was from Nuttin and colleagues in Belgium 
in the late 1990s [28]. Although outcomes were 
not measured using the standard Y-BOCS scale, 
thus making objective quantification difficult, the 
overall promising results (3/4 patients with ben-
eficial effects) led to dozens more attempts at 
using and improving DBS for OCD from groups 
around the world. Here we highlight some of the 
more influential reports in this field (Table 29.2). 
We have excluded case reports and small (<5 
patients) series.

The majority of studies have targeted the 
region of the ventral ALIC, albeit using different 
nomenclature for the targets. Only one study 
attempted unilateral (right-sided) DBS [37]. This 
group from Cologne, Germany, targeted the right 
nucleus accumbens (NAc, a structure within the 
VS). Following implant, patients were random-
ized to 3 months of active vs. sham stimulation 
and then crossed over to serve as their own con-
trol. The difference in Y-BOCS score between 
active and sham stimulation during the blinded 
phase was insignificant, and therefore the study 
did not provide substantial support for unilateral 
DBS.

The remaining studies have been bilateral. 
The Amsterdam group performed a trial starting 
with open-label stimulation right after DBS 
implant, followed 8 months later with a random-
ized, blinded, sham-controlled discontinuation 
phase [38]. Overall Y-BOCS scores were lower 
during active stimulation than during sham, pro-
viding evidence favoring the efficacy of DBS. In 
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addition, subsequent imaging analyses of these 
cases demonstrated that the active contact for 
these cases was not in the VS per se, but rather in 
the overlying white matter [39]. These results 
support the view that the efficacy of this proce-
dure is largely derived from network-wide effects 
gained by engaging a node within the network, 
and not solely by local effects in a single brain 
region.

The Gainesville, FL group reported their 
results of a double-blind staggered onset study in 
six patients targeting the VC/VS [40]. During the 

staggered blind period, there was no difference in 
Y-BOCS related to timing of the staggered onset, 
but in the follow-up open-label portion, there was 
a significant reduction in Y-BOCS.

In the same year, the international, multicenter 
group led by Brown University reported their 
results from an open-label trial in 26 patients 
[41]. Over the course of 3  months of active 
(unblinded) stimulation, the responder (≥35% 
Y-BOCS reduction) rate was 50%, and at last 
follow-up, the responder rate was 61.5%. This 
study also importantly observed the trend of 

Table 29.2 DBS for OCD series

Reference Target N Design Findings
Response 
rate

Nuttin 
et al. [28]

ALIC 4 Open-label 3/4 patients showed improvements. 
Y-BOCS was not used

N/A

Mallet 
et al. [42]

STN 17 Double-blind, 
randomized, active vs. 
sham crossover

Level I evidence for STN DBS, although 
a lower responder threshold of 25% was 
used (vs. the typical 35%)

N/A

Huff et al. 
[37]

Right NAc 10 Double-blind, 
randomized active vs. 
sham crossover

At 12 months, average Y-BOCS of the 
cohort dropped 7 points but no difference 
between active and sham stimulation

1/10 
(10%)

Denys 
et al. [38]

NAc 16 Open-label, 
optimization followed 
by double-blind, 
randomized, active vs. 
sham crossover

In stimulated patients compared to sham, 
an 8.3 point reduction in Y-BOCS was 
seen. At 2-year follow-up, 9/16 patients 
were responders

9/16 
(56%)

Goodman 
et al. [40]

VC/VS 6 Double-blind, 
randomized, 
staggered onset

No difference between stimulated and 
sham cohorts. At 1 year, 4/6 patients were 
responders

4/6 
(66%)

Greenberg 
et al. [41]

VC/VS 26 Open-label Response rate increased from 28% at 
1 month to 62% at last follow-up. The 
effective target moved posteriorly toward 
the AC

16/26 
(62%)

van den 
Munckhof 
et al. [39]

NAc/vALIC 16 Open-label Of the 9 patients with stimulation to the 
vALIC, there was a 73% improvement in 
Y-BOCS. NAc stimulation led to 42% 
improvement

11/16 
(69%)

Luyten 
et al. [43]

ALIC/BNST 24 Open-label, 
optimization followed 
by double-blind, 
randomized, active vs. 
sham crossover

Median decrease of 37% in Y-BOCS 
comparing stim to sham. For the 17/24 
patients still using DBS 4 years after 
implant, a median 66% decrease was 
seen. 15/24 still demonstrated response at 
last follow-up. Vicinity to the BNST 
appeared to improve outcomes

15/24 
(63%)

Tyagi 
et al. [44]

STN + VC/VS 6 Double-blind, 
randomized, active vs. 
sham crossover

VC/VS and STN stimulation produced 
approximately similar reduction in 
Y-BOCS, but VC/VS stimulation 
produced a better antidepressant effect

5/6 
(83%)

Abbreviations: ALIC anterior limb of the internal capsule, BNST bed nucleus of the stria terminalis, DBS deep brain 
stimulation, N/A not available, NAc nucleus accumbens, STN subthalamic nucleus, VC/VS ventral capsule/ventral stria-
tum, Y-BOCS Yale-Brown Obsessive-Compulsive Scale
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using a more posterior target, as mentioned 
above. Empirical evidence over the course of the 
study showed that targeting more posteriorly, 
closer to the AC, produced better results.

A French consortium performed a double- 
blind, randomized, sham-controlled trial of sub-
thalamic nucleus (STN) DBS in 16 patients [42]. 
They used a lower criterion of 25% reduction in 
Y-BOCS for response. Indeed, symptom scores 
were lower during active than during sham stimu-
lation, providing Level I evidence supporting this 
target and therapy.

An influential study from the Belgian group 
that first introduced DBS for OCD used a different 
trial design, consisting of open-label stimulation 
for up to 1  year, followed by double-blind, ran-
domized discontinuation in 24 patients [43]. They 
targeted the BNST, which is even with or just pos-
terior to the AC, as described above and in 
Fig. 29.3. During the blinded crossover phase, the 
active group was significantly better than the sham 
group, again providing Level I evidence in favor of 
DBS in this target. Similar to the Greenberg study 
[41], these authors also found that more posteri-
orly located targets were more effective.

Most recently, the London group performed a 
double-blind crossover trial in six patients with 
both VC/VS and STN leads [44]. They found that 
both targets were effective at reducing Y-BOCS 
scores more than sham stimulation but that the 
VC/VS target was better at reducing depressive 
symptoms in addition to OCD symptoms. Similar 
to several previous studies, they also found that 
the most effective contacts were in the white mat-
ter of the ventral ALIC and not in the gray matter 
of the VS.

 Risks, Side Effects, and Adverse 
Events

The risks of DBS for OCD treatment include (1) 
the common risks of brain surgery, (2) unique 
stimulation side effects, and (3) device-related 
complications. DBS requires brain penetration, 
which carries with it the small but non-zero risk 
of intracerebral hemorrhage and infection. Within 
the concatenated cohort of approximately 100 

patients in the trials mentioned above, there were 
4 asymptomatic hemorrhages and 1 minimally 
symptomatic hemorrhage. This rate is similar to 
that reported in a large series of DBS for move-
ment disorders [45]. Wound infections numbered 
five as well in the OCD studies, again within the 
range found in the movement disorder DBS 
literature.

Unique stimulation-related complications in 
patients with OCD include induction of the fol-
lowing psychiatric symptoms: hypomania or 
mania, exacerbation or relapse of OCD symp-
toms, exacerbation of depression and anxiety 
with increased suicidal ideation and behavior, 
and transient cognitive dysfunction. Among these 
conditions, hypomania is the most common side 
effect of DBS [46] but can be alleviated by adjust-
ing stimulation parameters. Although a higher 
risk of suicide was reported in OCD patients [47], 
no completed suicide has been directly linked to 
DBS in OCD treatment [48].

 Future Directions and Conclusion

Ongoing efforts continue to improve the efficacy 
and adoptability of DBS for OCD. The first one 
to two decades of its utilization has seen largely 
empirical changes in stereotactic targeting. More 
recently, studies are beginning to demonstrate the 
utility of targeting based on advanced connec-
tomic imaging. We are now entering an age of 
individualized targeting based on the patient’s 
specific connectivity patterns [44, 49, 50]. 
Continued efforts in this space will help optimize 
targeting and therefore improve outcomes.

In addition, recent efforts have focused on 
improved programming strategies. Unlike in the 
movement disorder field, programming adjust-
ments may not have an immediate observable 
effect in the patient. Thus it can be difficult to 
know how to attribute causality to programming 
adjustments. Current strategies to handle this 
challenge include using DBS devices with 
recording as well as stimulating capabilities. 
Recording local field potential (LFP) activity 
from the DBS lead potentially allows measure-
ment of the local “brain state.” If a relationship 
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exists between this electrical brain state and the 
patient’s symptom profile, then an on-board algo-
rithm on the DBS device could be trained to 
make adjustments automatically, striving to move 
away from more symptomatic states toward less 
symptomatic ones. These so-called “adaptive” or 
“closed-loop” DBS systems have been proposed 
[51], and clinical trials are underway to develop 
and test these methodologies (e.g., NCT03184454, 
NCT03457675).

DBS for OCD has progressed rapidly over its 
first two decades, and the next decade promises 
to bring further enhancements. Exchange of 
information and best practices (regarding indi-
vidualized targeting, adaptive strategies, etc.) 
with the movement disorders DBS field will con-
tinue fueling improvements. The future of DBS 
for OCD is not without challenges, however. 
Widespread adoption continues to increase at a 
slow pace. In the USA, Europe, and much of the 
world, the number of sites with sufficient neuro-
surgical and psychiatric expertise to optimally 
identify, implant, and manage patients remains 
small. Expanded education and training in both 
of these clinical fields on this topic will be criti-
cal. Furthermore, there remains little awareness 
of this option among patients and the general 
psychiatric community, such that potentially eli-
gible patients often never hear about this option 
and reach experienced sites. Outreach and public 
education will therefore also be critical. If current 
trends continue, however, the future of this ther-
apy remains exciting.
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Abbreviations

ACC Anterior cingulate cortex
CSTC Cortico-striato-thalamo-cortical
DBS Deep brain stimulation
ERP Exposure and response prevention
GKRS Gamma Knife radiosurgery
GVC Gamma Knife ventral capsulotomy
MDD Major depressive disorder
MRI Magnetic resonance imaging
OCD Obsessive-compulsive disorder
OFC Orbitofrontal cortex
SSRI Selective serotonin reuptake inhibitor
YBOCS Yale-Brown Obsessive Compulsive 

Scale

 Introduction

OCD is one of the most common psychiatric ill-
nesses, affecting approximately 2.3% of the United 
States population [1]. OCD is classified as an anxi-
ety disorder defined by anxiety-inducing intrusive 
thoughts or images, called obsessions, accompa-
nied by recurrent compulsive behaviors that often 
represent an attempt to reduce obsession- mediated 
anxiety [2, 3]. OCD symptoms can be extremely 
debilitating with individuals at the higher end of 
the OCD severity spectrum experiencing nearly 
constant anxiety due to intrusive, often disturbing 
thoughts and compulsively completing ritualistic 
behaviors to the point of self-harm or at the detri-
ment of completing tasks of daily living [4–6]. The 
World Health Organization has listed OCD as one 
of the most debilitating illnesses worldwide 
because of the extreme functional impairment that 
results from OCD symptoms [4, 7].

Despite significant advances in clinical 
pharmacotherapy for mental illnesses, there 
remain a significant number of patients who 
suffer from medically refractory or intractable 
illness [8, 9]. By definition, these patients’ ill-
nesses do not exhibit significant or sustained 
responses to conventional pharmacological and 
cognitive- behavioral therapy [8–10]. In OCD, 
it is estimated that anywhere from 10% to 20% 
of the population have medically refractory ill-
ness [8, 11]. Unfortunately, this means that a 
significant number of individuals with OCD do 
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not achieve sustained improvement, which sig-
nificantly compromises their quality of life, 
limits function, and increases the risk of suicide 
[9, 12, 13]. For a subset of these patients, psy-
chiatric neurosurgical intervention, including 
neuroablation, has proven useful in reducing 
symptom severity and improving functional 
outcomes [3, 8, 14, 15].

Based on the century-old theory that certain 
psychiatric pathologies can be treated by the 
removal or destruction of specific brain tissue, 
modern psychiatric neurosurgical teams employ 
various technologies to place selective lesions in 
brain structures implicated in the functional 
pathology of OCD [16, 17]. Unlike older psycho-
surgical procedures, modern neuroablative tech-
niques have exhibited an acceptable safety profile, 
in part due to smaller, more precise lesion place-
ment, and exhibit much-improved efficacy [11].

Prospective and retrospective data indicate 
that 50–60% of patients undergoing lesion proce-
dures show meaningful improvement in OCD 
severity, and a subset may show partial improve-
ment [3, 15, 18, 19]. Today, a limited number of 
specialized centers in the world conduct surgical 
procedures for intractable OCD [20–22]. The 
modern neurosurgical repertoire of neuroablative 
procedures to treat OCD includes subcaudate 
tractotomy, cingulotomy, limbic leucotomy, and 
capsulotomy [12, 23, 24].

 Patient Selection

Most psychiatric neurosurgery programs consist 
of an interdisciplinary team of psychiatrists, neu-
ropsychologists, neurosurgeons, neurologists, 
and often medical ethicists who establish whether 
patients have truly exhausted all other treatment 
modalities and would be good candidates for a 
neuroablative procedure.

The process of patient selection for lesion pro-
cedures in OCD is simultaneously one of the most 
challenging and critical components of care. Most 
patients that suffer from severe, intractable OCD 
have comorbid conditions including severe 
depression, body dysmorphic disorder, general-
ized anxiety disorder, and personality disorders 

[5, 9, 12–14]. There is a high rate of depression 
and suicidal ideation in this population, and 
patients who qualify for surgery have had many 
years of severely debilitating illness [3, 8, 14, 22, 
25]. Clinicians must, therefore, make every effort 
to select patients who have completely exhausted 
all nonsurgical interventions and who are most 
likely to have a significant, positive response to 
surgery. Strict criteria have been established by 
various clinical sites to determine the former; the 
latter is significantly more challenging to predict.

Patients who are considered for these surgical 
interventions must meet strict criteria for medical 
refractoriness and extreme symptom severity. 
While various psychiatric neurosurgical practices 
have their own specific established inclusion cri-
teria for surgery, they are very similar in content. 
In order to qualify, patients must meet criteria for 
a primary diagnosis of OCD in the very severe 
range, with significant impairment in global 
functioning that has persisted for at least 5 years. 
Numerous validated psychiatric measures are 
used to evaluate patients; however, the gold- 
standard measure for OCD severity is the Yale- 
Brown Obsessive Compulsive Scale (YBOCS), 
which clinicians use to screen patients and also 
determine treatment response [26, 27]. Patients 
must be deemed to have medically refractory ill-
ness indicated by medical records indicating 
multiple failed medication trials with a selective 
serotonin reuptake inhibitor (SSRI), first-line for 
OCD, and augmenting medications including 
antipsychotics as indicated [3, 12, 22]. Further, 
all patients must have failed to respond to cogni-
tive behavioral therapy including Exposure and 
Response Prevention (ERP), often in intensive 
psychiatric treatment [3, 12, 22]. Finally, it is 
critical that patients can fully provide informed 
consent and comply with study protocol.

Patients are typically excluded if they are less 
than 18  years old, and the upper age limit may 
vary across study sites. Comorbid psychiatric ill-
nesses that may affect a patients’ ability to con-
sent or that place a patient at risk of adverse 
effects such as substance use disorder may be 
grounds for exclusion and is up to the discretion 
of the multidisciplinary team. Additionally, mania 
and other medical or neurologic conditions that 
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place patients at risk for serious adverse effects 
(i.e., suicide, psychosis) due to surgery may also 
disqualify a patient for lesion procedures.

Given a paucity in predictive data analyses for 
patients undergoing surgery, clinicians must 
determine which patients may or may not be 
good candidates for surgery based on their col-
lective judgment. With that said, there are some 
guidelines and practical considerations that clini-
cians ought to consider when reviewing individ-
ual candidates for neuroablative procedures. 
Numerous factors such as comorbid psychiatric 
illness as well as access to follow-up psychiatric 
care must be assessed for each surgical candidate 
in order to ensure optimal patient care. Lesion 
procedures are intended as adjunctive treatments 
to standard pharmaceuticals and/or ERP, so 
ensuring that patients are willing and likely to 
comply with continued psychiatric follow-up 
after their procedure may be critical for improve-
ment after surgery. Take, for instance, a clinical 
case, discussed by Spofford and colleagues, of a 
patient who showed marked improvement and 
ability to engage with ERP after capsulotomy 
compared to before [25]. In this case, the patient 
continued intensive medication and ERP and 
exhibited an overall 67.6% reduction in OCD 
symptom severity 3 years after surgery [25]. 
Additional factors to take into consideration 
include access to regular psychiatric care and a 
positive relationship with a psychiatrist or psy-
chiatric treatment facility. Some other factors 
have been shown in recent analyses to be predic-
tive of improved response to lesion procedures 
for OCD, including family support, employment, 
a relatively later age of OCD symptom onset, and 
even some specific variations in neuroanatomical 
structure and connectivity [3, 28].

 The Neurobiology 
and Neurocircuitry OCD

Before discussing the specific lesion procedures 
used by clinicians to treat medically refractory 
OCD, it is important for clinicians to have an 
understanding of the current scientific under-
standing of OCD pathophysiology. The collec-

tive experience of fMRI, structural MRI, and 
diffusion studies underlie the rationale for neuro-
surgical targets aimed at treating OCD. Studies 
that have been instrumental in identifying regions 
and circuits in the brain involved in OCD come 
from functional neuroimaging experiments 
which have been done in humans through clinical 
research studies [12, 29]. Important studies in 
nonhuman primates have further elucidated spe-
cific frontal-subcortical pathways that may be 
related to changes in surgical treatment. Here we 
will briefly outline the current model of the neu-
rocircuitry of OCD and discuss some of the stud-
ies that have been instrumental in developing the 
current state of the science.

The current predominant theory explaining the 
neurobiology of OCD is described as the cortico- 
striato-thalamo-cortical (CSTC) loop model. This 
model represents a hypothesized set of intercon-
nected circuits or loops that include the cortex, 
basal ganglia, thalamus, and amygdala and form 
functional circuits that are dysfunctional in OCD 
[30–33]. Two loops, in particular, are thought to 
be involved in OCD due in large part to the func-
tional and structural imaging findings discussed 
earlier: the lateral orbitofrontal loop and the ante-
rior cingulate loop [31]. The two loops that have 
been associated with OCD pathophysiology 
depicted in Fig.  30.1 are suspected primarily 
because the regions highlighted in the name of 
both loops, the OFC and ACC, have been repeat-
edly implicated in OCD pathology.

These circuits and loops are broadly character-
ized as either excitatory or inhibitory based upon 
the types of neurotransmitters released between 
neurons in those circuits. This is important to note 
because pervading neuroscientific theory of corti-
cal function implies that a balance between corti-
cal excitation and inhibition is what regulates 
brain activity and promotes optimal functioning. 
Researchers have observed elevated activity in the 
OFC and ACC in OCD patients and have devel-
oped a hypothesis for how the circuits may work 
together in OCD to produce the characteristic 
hyperactivity or overexcitation in these regions 
[12, 29, 31]. The two loops or circuits mentioned 
above work in concert, and OCD symptoms may 
arise when an aberrant positive feedback loop 
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develops in the frontothalamic neuronal pathways 
leading to inadequately inhibited activity in the 
OFC and thalamus [31]. Additionally, Papez cir-
cuitry, implicated in  psychosomatic experience of 
disturbing feelings and anxiety, which is intercon-
nected with the pathways illustrated in Fig. 30.1, 
could be improperly activated through OFC con-
nections with the amygdala [31].

Though findings are variable, consistent CTSC 
abnormalities are found through structural imag-
ing, functional imaging at rest, and functional 
imaging during provocation. Changes in these 
regions are also seen after pharmacological and 
behavioral treatments. OCD symptoms have been 
correlated through various studies with specific 
structural brain differences in the orbitofrontal 
cortex (OFC), anterior cingulate cortex (ACC), 
and striatum [29]. One large structural MRI study 
found that in individuals with OCD, OFC gray 
matter was reduced, increased gray matter was 
seen in the ventral striatum, and there were 
changes in ACC volume [29]. Notably, research in 
structural imaging has been somewhat inconsis-
tent in OCD with studies implicating the same 
structures but showing opposing volume changes 
in the aforementioned structures [8, 31].

Functional neuroimaging studies in humans 
have also supported the CSTC circuit model in 

OCD. Methods of functional neuroimaging used 
include two methods of indirectly measuring 
brain activity, while individuals are conscious and 
capable of completing tasks: the use of functional 
MRI (fMRI) to measure blood flow in the brain 
and positron emission tomography (PET) to mea-
sure glucose levels in the brain [12, 29]. In one 
study using PET, researchers looked at OCD 
patients at rest and also in a “provoked” condition, 
where a provocative stimulus such as a contami-
nated object was used to trigger anxiety in patients 
[34]. In this study, researchers found that the OFC 
exhibited increased activation in the OCD group 
at rest and when provoked [29, 34]. Through simi-
lar studies using PET and fMRI, increased activ-
ity in the OFC, ACC, and head of the caudate 
nucleus has been implicated in OCD pathophysi-
ology [29].

The hypothesis that activity in the OFC, ACC, 
and caudate nucleus is involved in or maybe even 
be responsible for OCD has been more recently 
supported by findings indicating that clinical 
therapies used for OCD may directly affect these 
circuits. For instance, two recent studies examin-
ing the effects of fluvoxamine and cognitive 
behavioral therapy (two first-line treatments for 
OCD) on brain activity in OCD patients revealed 
in both PET and fMRI that changes in frontal 

a b

Fig. 30.1 This figure illustrates the two CSTC loops 
implicated in the pathophysiology of OCD. (a) Depicts the 
loop involving the medial orbitofrontal cortex (OFC) and 
thalamus as well as secondary structures. This loop is typi-
cally associated with assigning value to a particular out-
come to facilitate reward learning and forms a positive 

feedback loop that may underlie OFC hyperactivity in 
OCD. (b) Illustrates the dorsal anterior cingulate cortex 
(dACC) loop that relays directly with the thalamus and is 
thought to potentially contribute to perseverative behaviors 
in OCD compulsions. This figure was illustrated using the 
Motifolio Drawing Toolkit (Motifolio Inc., MD, USA)
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lobe activity, specifically decreased activity in the 
OFC and increased activity in the posterior cin-
gulate cortex (PCC), were correlated with better 
treatment response [35, 36].

Additional evidence supporting relevant brain 
regions comes from evidence from psychiatric 
neurosurgical procedures. One study that com-
bined the use of functional imaging with deep 
brain stimulation demonstrated that targeting 
specific fibers with disruptive stimulation can 
reduce activity in the OFC [37]. In this experi-
ment, patients at Rhode Island Hospital or 
Cleveland Clinic Foundation Hospital had elec-
trodes implanted in the anterior limb of the inter-
nal capsule the same region targeted in ablative 
capsulotomy [37]. More recent studies examin-
ing the effects of surgical procedures including 
DBS and anterior cingulotomy have shown that 
both procedures modulate activity in the OFC 
and ACC and that those individuals who respond 
best to treatment show significant changes in the 
neuroanatomy and neural fiber tracts as mea-
sured by MRI and Diffuse Tensor Imaging 
(DTI), a method for visualizing white matter 
connectivity in the brain [11, 30, 33, 38–40].

Taken together these findings, all appear to 
consistently affirm the presence of significant 
biological mechanism(s) involving the specific 
brain regions identified through multiple experi-
mental methods and paradigms. These findings 
have strongly supported the predominant work-
ing hypothesis for the functional changes in neu-
ral circuitry thought to underlie OCD 
pathophysiology.

While we have identified some of the circuity 
involved, the precise neurobiological mecha-
nisms responsible for OCD symptoms remain 
unclear. Psychiatric neurosurgical work, though 
initially developed empirically, has helped to 
support the development of the neurocircuitry 
model, in part due to the relatively equal response 
rates of patients with OCD to ablation and stim-
ulation in distinct brain regions [18]. In other 
words, the subcaudate tractotomy, cingulotomy, 
limbic leucotomy, and capsulotomy may all tar-
get different regions of the brain, but as we will 
now discuss, each target is thought to play a role 
in the circuitry that becomes “imbalanced” in 

OCD, and by removing specific regions of the 
circuit, OC symptoms may be reduced.

 Types of Operations for OCD

As discussed earlier, the following four proce-
dures are used to treat severe, intractable OCD: 
subcaudate tractotomy, cingulotomy, limbic leu-
cotomy, and capsulotomy. The lesions in these 
procedures are placed using a stereotactic frame 
to permit high accuracy in placing lesions [12, 
23]. Bilateral lesions are typically placed in the 
brain regions of interest as previously planned 
with magnetic resonance imaging (MRI). 
Procedures can be conducted under local anes-
thesia with light sedation or under general anes-
thesia depending on the technique and technology 
used to place lesions. Lesions are made using 
various tools including radiation, thermocoagula-
tion, radiofrequency-induced ablation, and laser 
ablation [41]. Here we will introduce the four 
lesion procedures, their early development, 
reports of current methods of use, efficacy, and 
reported risks associated with the procedure.

 Subcaudate Tractotomy

In 1964, Knight and colleagues in London devel-
oped the subcaudate tractotomy, a procedure 
intended to create a bilateral lesion in the sub-
stantia innominata, a region inferior to the head 
of the caudate nucleus [10, 12, 22]. This lesion 
location is intended to interrupt white matter 
tracts connecting the orbitofrontal cortex (OFC) 
to various subcortical regions, white matter tracts 
that are hyperactive in OCD patients and believed 
to underlie OCD pathophysiology [12, 29].

This procedure was first successfully achieved 
by using beta radioactive 90-Yttrium rods that 
were inserted into the desired brain region in 
rows, but this method has since been replaced 
with a thermocoagulation method by which a 
probe is inserted into burr holes in the skull and 
heat is used to destroy tissue in the specific area 
described above[22, 42]. Researchers at the time 
used X-ray ventriculogram imaging to view the 
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anatomical target after surgery and relied upon 
skull sutures and other anatomic landmarks to 
place the lesion during the operation [12, 42–44].

Two major retrospective studies examining 
the efficacy of subcaudate tractotomy in treating 
OCD were published in the early 1970s by 
Strom-Olsen and Carlisle as well as by Göktepe 
et  al. [12, 22]. In both studies, approximately 
50% of 20 or so patients included in the studies 
were said to have “either completely recovered” 
or showed “clinical improvement” in their OCD 
symptoms after a minimum of 1-year follow-up 
[12]. A more recent review of 1300 patients who 
underwent psychiatric neurosurgical procedures 
revealed that 40–60% of patients with OCD 
showed some improved outcome after subcau-
date tractotomy and were able to lead “normal” 
or “near-normal” lives [8, 12, 23]. A more recent 
case report has shown improvement in one patient 
who improved after subcaudate tractotomy using 
a novel “frameless” stereotactic method [19].

Short-term risks associated with the subcau-
date tractotomy include reported hypersomno-
lence for a few days post-operatively, confusion 
for 1 month postoperatively, and temporary 
decline in cognitive function [12]. Serious 
adverse effects of the procedure include seizures, 
which occurred in at least 1.6% of cases, and 
mild personality changes [12]. Presently, this 
procedure is used infrequently alone.

 Cingulotomy

First proposed by Fulton, removal or destruction 
of the anterior portion of the cingulate gyrus is a 
procedure that has remained and shown consider-
able benefit in treating patients with both OCD 
and major depressive disorder (MDD) [12, 18]. 
The cingulotomy involves a lesion of the anterior 
cingulate cortex (ACC) that aims to disrupt affer-
ent and efferent fiber connecting the anterior cin-
gulum, ventral striatum, anterior nuclei, 
dorsomedial nuclei, and other midline thalamic 
nuclei. It is one of the most widely used surgical 
procedures to treat OCD [12, 18, 40]. Whittey and 
colleagues were the first to show considerable 
benefit in treating patients with OCD using the 

cingulotomy with a case report showing 4 out of 5 
patients improving in an initial sample [42]. Since 
the initial validation, the psychiatric neurosurgical 
team at Massachusetts General Hospital has con-
ducted over 1000 cingulotomies for OCD and 
depression [12].

As with the subcaudate tractotomy, early 
lesions were carried out with ventriculography, 
which has now been replaced with MRI-guided 
stereotactic ablation methods. The procedure 
consists of making two to three 1-cm lesions 
along the anterior cingulate cortex, 7 mm from 
the midline and 20–25 mm posterior to the fron-
tal horns [10, 12]. Lesions are created by thermo-
coagulation through approximately 12  mm 
bilateral burr holes [10, 12, 18]. While stimula-
tion is not typically used during the procedure, 
local anesthesia may be used to allow for neuro-
logic testing during lesion placement to preserve 
motor or sensory function, particularly in the 
lower extremities [10, 12].

Clinical research studies have shown that the 
cingulotomy can lead to substantial improvement 
in OCD symptoms [42]. Cingulotomies are con-
sidered to be safe procedures for treatment of 
severe psychiatric illness. Cosgrove and col-
leagues reported that 800 cingulotomies per-
formed over a 40-year period at Massachusetts 
General Hospital resulted in no surgically related 
deaths and only two infections [12, 23]. It is 
important to note that the 800 cingulotomies per-
formed were not only for OCD but also included 
MDD, other anxiety disorders, and intractable 
pain [12, 23]. Nevertheless, the surgical proce-
dure and risks are identical and have proven safe 
in human patients.

As far as the efficacy of cingulotomies, older 
studies showed response rates, or rates of 
improvement in OCD symptoms after surgery, 
from 25% to 28%; however, more recent retro-
spective studies of larger patient cohorts have 
shown that some improvement in symptoms 
occurs in 60% of surgical cases [8, 10, 23, 42]. In 
a retrospective analysis of 64 OCD patients, 
Sheth and colleagues showed that approximately 
5 years after cingulotomy 47% of patients experi-
enced ≥35% reduction in OCD severity 
 (measured by YBOCS) and 22% of patients 
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experienced a 25–34% reduction [18]. Of note, 
approximately 30 patients in this retrospective 
analysis underwent a second cingulotomy during 
the course of their treatment [18]. Comorbid 
MDD has also been shown to decrease signifi-
cantly after anterior cingulotomy.

Repeated lesion procedures of the ACC are an 
appropriate option for patients with OCD that 
remains refractory after initial cingulotomy. In 
one retrospective cohort analysis of 31 OCD 
patients, Bourne and colleagues found that 53% 
of patients who underwent a repeated cingulot-
omy or subsequent subcaudate tractotomy exhib-
ited a ≥35% reduction in OCD severity as 
compared to only 17% of patients who only 
underwent a single cingulotomy [45].

Short-term postoperative side effects of ante-
rior cingulotomy include urinary incontinence, 
abulia, headache, nausea, and vomiting. One to 
nine percent of patients experience intraoperative 
seizures, with a few of these patients developing 
subsequent seizure disorders [12, 18].

 Limbic Leucotomy

The limbic leucotomy combines both the subcau-
date tractotomy and the cingulotomy into one 
procedure [8, 12, 42]. In the 1970s, Richardson 
and Kelly developed this procedure with multiple 
targets including the dorsal cingulate gyrus and 
the white fiber tracts anterior to the caudate 
nucleus in the hopes of further improving out-
comes of surgery for OCD [12].

This procedure, like the cingulotomy, 
involved the use of the ventriculogram, and now 
clinicians utilize MRI images, or more recently 
intraoperative MRI when available, to visualize 
the anatomical locations where the lesions will 
be placed. Historically, this lesion is made by 
using thermocoagulation, a cryoprobe, or 
radiofrequency- heated electrodes to ablate the 
tissue through bilateral burr holes near the dorsal 
midline of the skull [10, 12, 22]. In 1973 Kelly 
et al. found that in a group of 49 patients, 89% 
showed some improvement in OCD symptoms 
approximately 20 months after surgery based on 
an unvalidated OCD severity rating system, and 

Hay and colleagues found a significant reduction 
in only 38% of their cohort who underwent lim-
bic leucotomy [12]. As discussed earlier, Sheth 
and colleagues examined the effect of a second 
procedure after anterior cingulotomy, and for 
some of the patients observed the second proce-
dure was a subcaudate tractotomy. Based on 
those data it does appear that addition of the sub-
caudate tractotomy, creating a limbic leucotomy, 
increased the number of responders to surgery 
[18]. The limbic leucotomy is by nature an 
extensive procedure with multiple lesion loca-
tions, which dissuades clinicians from conduct-
ing the procedure in a single operation, 
particularly when either the cingulotomy or sub-
caudate tractotomy may be effective alone.

Risks associated with the limbic leucotomy 
include short-term side effects such as headache, 
lethargy, perseveration, and loss of sphincter con-
trol, as well as more serious adverse effects 
including seizures and long-term or enduring 
lethargy [12].

 Capsulotomy

The capsulotomy was a procedure first performed 
by Tailarach and colleagues in France and later 
developed and popularized by Lars Leksell in 
Sweden in the 1960s as a means of treating OCD 
[12, 22]. The procedure involves placing a lesion 
in the anterior limb of the internal capsule in an 
effort to lesion orbitofrontal and anterior cingu-
late efferent fibers that pass through the anterior 
internal capsule, connecting the prefrontal cortex 
and subcortical nuclei including the dorsomedial 
thalamus [3, 12].

The capsulotomy was first performed by plac-
ing burr holes in the skull and using thermoco-
agulation to make the lesion in the anterior 
internal capsule [12]. Early reports of this method 
suggested that the anterior capsulotomy may 
prove beneficial in OCD patients with one show-
ing that 71% of patients 35 months after the pro-
cedure “were either ‘free of symptoms’ or ‘much 
improved’” [12, 22]. Leskell and his colleagues 
conducted the capsulotomy on 116 patients for 
several indications, including OCD, depression, 
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and schizophrenia, and found that 50% of patients 
with obsessional neurosis showed improvement 
after anterior internal capsulotomy [10, 12].

Leskell and his colleagues also developed a 
novel method for placing the lesion in the inter-
nal capsule using Gamma Knife Radiosurgery 
(GKRS). GKRS, developed by Lars Leksell, is 
widely used in neurosurgery to treat intracranial 
tumors, arteriovenous malformations, and tri-
geminal neuralgia and neurosurgeons to target 
intracranial structures with focused gamma 
radiation from a stereotactic unit [3]. The bio-
logic effect of any individual gamma beam is 
negligible, and the beam can pass through the 
skull and brain tissue and only apply focused 
radiation at the point of focus of multiple beams, 
allowing clinicians to make a radiosurgical 
lesion without a craniotomy or burr holes [3, 
12]. For over 20 years, GKRS has been used for 
capsulotomy in a procedure known as the 
Gamma Knife Ventral Capsulotomy (GVC), a 
procedure that can be completed in the outpa-
tient setting [3, 12, 14].

GVC has been shown to be efficacious in 
treating medically refractory OCD, with one pro-
spective cohort study of 55 patients showing sig-
nificant improvement (≥35% reduction in 
YBOCS) in 56% of patients [3]. In this study, 
Rasmussen and colleagues placed two bilateral 
lesions in the anterior internal capsule 8–10 mm 
rostral to the posterior border of the anterior com-
missure [3]. Of note, comorbid MDD and gener-
alized anxiety severity were also significantly 
reduced in capsulotomy patients [3]. Rück and 
colleagues found in a long-term follow-up of 25 
OCD patients that 48% of patients showed ≥35% 
reduction in YBOCS from 4 to 17 years after sur-
gery, and patients showed a reduction in depres-
sion severity [46]. In this study, the clinicians 
included data from patients who underwent GVC 
and thermocoagulation and found no significant 
differences in outcome [46].

One randomized, double-blinded, placebo- 
controlled trial was conducted by Lopes and 
colleagues at the University of São Paulo on 
16 patients who were randomized to receive 
either active or inactive GVC for severe 

OCD.  Participants were unblinded after 
12 months, and those who were randomized to the 
placebo group were given the option to undergo 
GVC. Unfortunately, the clinical trial was termi-
nated early, because the cobalt sources for the 
gamma knife equipment began to decay rapidly, 
compromising the safety of the participants [14, 
47]. After 12 months, the median YBOCS was 
lower for the GVC group compared to placebo, 
but with only 2 responders in the GVC group and 
none in the placebo group, the absolute differ-
ence in GVC effect compared to placebo was not 
statistically significant [14]. While preliminary, 
this study represented the first blinded, random-
ized control trial for a neuroablative psychiatric 
neurosurgical procedure and supported the GVC 
as safe and efficacious interventions in severe, 
intractable OCD.

More recently, Kim and colleagues at Yonsei 
University College of Medicine in South Korea 
reported success using focused ultrasound to tar-
get and ablate fibers in the anterior internal cap-
sule [48]. MRI-guided, focused ultrasound is a 
method of thermal neuroablation that applies 
high power sonication to neural tissue. In a case 
series of 11 OCD patients treated with MRI- 
guided focused ultrasound, Kim and colleagues 
reported that after a two-year follow-up, 6 
patients experienced >35% reduction in OCD 
severity and no serious, permanent adverse out-
comes [48]. The application of MRI-guided 
focused ultrasound for neuroablative procedures 
in OCD is promising because, like GKRS, the 
procedure is noninvasive and has the additional 
benefit of avoiding adverse effects associated 
with radiation. Further research on the applica-
tion of focused ultrasound in this area is critical 
to assess the side effects, efficacy, and long-term 
sequelae of this procedure [48].

Short-term reported risks associated with cap-
sulotomy include nausea, vomiting, and headache, 
confusion, and incontinence [3, 12]. Researchers 
have noted a few isolated cases of cerebral cyst 
formation and radiation necrosis in patients who 
underwent GVC at various institutions, which is a 
reported risk of GKRS for arteriovenous malfor-
mation of 1.6–3.6% [3, 12, 14, 47, 49, 50].
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 Postoperative Care

Immediate postsurgical monitoring is critical and 
dependent upon the surgical intervention. Special 
care should be given to avoid or reduce the dam-
aging effects of adverse events associated with 
nearly all lesion procedures including headache, 
seizures, lethargy, and weakness. Surgical man-
agement should also be tailored to the specific 
intervention and technology used to place the 
lesions (i.e., monitoring cerebral edema and cyst 
formation in GVC).

Long-term, postsurgical psychiatric treatment 
for OCD should be planned prior to surgery, and 
clinicians should make every effort to coordinate 
follow-up psychiatric care with their own psychi-
atric neurosurgical research teams as well as 
referring physician and clinicians that are able to 
provide long-term psychiatric care including 
ERP therapy and medication management for 
patients. As mentioned earlier, this patient popu-
lation experiences disabling OCD symptoms, 
significant comorbid mental illness burden, and 
limited functional capacity, placing patients at an 
extremely high risk of self-harm as well as men-
tal and physical decline, particularly if there is no 
symptom reduction. Numerous follow-up studies 
have shown that postsurgical reduction in OCD 
symptom severity often takes months to years, 
which means that patients are just as vulnerable 
with severe disease for a significant amount of 
time postoperatively [14, 25, 41, 51, 52].

 Optimizing and Improving 
Surgical Outcome

While the existing neurosurgical procedures have 
shown significant capacity for treating patients 
with OCD for whom all other treatment modali-
ties have failed, there is still room for improving 
patient outcomes and mitigating adverse events 
associated with surgery. Uncovering changes in 
clinical practice that can improve neurosurgical 
treatment for patients with intractable OCD is an 
active area of research that must examine myriad 
factors including patient utilization and access to 

follow-up care, pharmaceutical management of 
OCD, and optimization and development of 
emerging technology.

In order to improve outcome and reduce risk, 
it is critical that the above procedures are con-
ducted at specialized institutions with interdisci-
plinary teams to manage both the procedural and 
the long-term follow-up care of patients. In a 
5-year retrospective database review, Rück and 
colleagues uncovered that in 70 OCD patients 
treated with capsulotomy, the mortality rate was 
41% at 5 years after surgery, approximately 10% 
of which were due to suicide [52]. Further, after 
capsulotomy, 75% of OCD patients were on high 
doses of psychotropic medications, and 84% had 
been admitted at some point during their 5 years 
to intensive inpatient psychiatric treatment [52]. 
These data serve as a reminder that the patients 
who undergo surgery for OCD are extremely ill, 
and even after positive responses to surgical 
intervention, patients may have poor long-term 
outcomes relative to the general population due 
to the severity of their illness. However, it should 
also be noted that more current procedures may 
use smaller, more targeted lesions, leading to a 
reduced side effect burden.

Continued psychiatric care and follow-up 
are critical for patients, however, neuroablative 
procedures that create permanent lesions do not 
inherently require the same specialized follow-
up for treatment that medication, therapy, and 
neurostimulation procedures often require. 
However, ensuring that patients have access to 
and receive continued care for their OCD and 
other comorbid psychiatric conditions is criti-
cal to improving outcomes in this patient popu-
lation [3, 25, 52].

Developing novel technology/techniques and 
adjusting our use of existing technology to con-
duct neuroablative procedures for OCD is another 
critical component to improving patient out-
comes. Take, for instance, GVC, while a promis-
ing procedure with limited side effects, the risks 
of placing a radiosurgical lesion are not negligi-
ble, so adjustment of radiation dose, alternative 
methods of ablation, or other solutions could be 
used to preserve the beneficial effects of the lesion 
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while preventing the incidence of these serious 
adverse events. This same principle applies to all 
the existing procedures, and  psychiatric neurosur-
gical research groups are actively involved in 
uncovering techniques, adjustments, and medical 
interventions that can benefit patients.

Further clinical research is critical to attempt 
to compare and contrast the existing neurosurgi-
cal techniques, an area of research that has been 
severely limited by the lack of clinical trials and 
small sample sizes of these studies. One recent 
study by Brown and colleagues aimed to com-
pare the efficacy of anterior internal capsulotomy 
and dorsal anterior cingulotomy through a sys-
tematic review of published observational stud-
ies. By examining outcomes of ten studies, the 
research team was able to assess the observa-
tional findings of 193 patients who underwent 
either capsulotomy or cingulotomy and found 
that overall the full response rate of capsulotomy 
was 54% and 42% for cingulotomy [15]. In addi-
tion, the rate of serious adverse events appeared 
to be greater in capsulotomy than cingulotomy, 
21.4% and 5.2%, respectively [15]. However, the 
observational nature of these studies prevented a 
systematic review and direct comparison for dif-
ferences between the studies so the authors deter-
mined that the data indicated both were similarly 
efficacious and safe [15].

More studies employing innovative study 
design and/or statistical methods are needed to 
uncover answers in the existing data that is lim-
ited by small sample sizes and significant con-
founding variables as well as to design studies 
that allow researchers to gain as much informa-
tion as possible. Studies examining predictive 
factors of outcome, nonsurgical aspects of care 
that improve outcome, and the neurobiological 
basis and functional pathophysiology of OCD are 
all critical to improving the care of patients with 
this devastating disease.

 Conclusions

For patients with significantly severe OCD that is 
refractory to psychopharmaceutical and cognitive 
behavioral therapy, psychiatric neurosurgical pro-
cedures are safe, well-established, and efficacious 

adjunctive treatment modalities for OCD in the 
subset of patients for whom they are appropriate.

In the advent of novel technological advances 
such as DBS for the neurosurgical treatment of 
OCD, lesion procedures remain an important 
therapeutic consideration. First, it is important to 
note that current DBS protocols for OCD are 
designed to work very similarly to lesions in that 
they create a disruption, albeit reversible in DBS, 
in many of the same white fiber tracts as lesion 
procedures. The primary target of DBS for OCD 
is the ventral capsule/ventral striatum, which is 
the same target region of the anterior capsulot-
omy, and data suggests that significant improve-
ment in OCD symptom severity is seen in 
40–61% of patients [3, 6, 11, 12, 15, 41, 49]. 
Notably, the efficacy of lesion procedures and 
DBS are strikingly similar, making lesion proce-
dures a comparable approach to treat medically 
refractory OCD.  Furthermore, there are addi-
tional considerations in the management of DBS 
such as regular follow-up with a team specialized 
in DBS application and settings for OCD, follow-
 up procedures to replace batteries, adverse effects 
due to stimulation, and the lifetime cost of treat-
ment [15]. Some of these factors may make 
lesion procedures a better practical option for 
some patients who may, for instance, not live 
near a specialized site that can monitor stimula-
tion parameters or who have a history of incon-
sistent engagement in psychiatric treatment.

Today, neuroablative procedures are used to 
treat severe, intractable OCD at a few specialized 
sites in the world with multidisciplinary teams of 
psychiatrists, neuropsychologists, and neurosur-
geons. These procedures are based on the hypoth-
esis that overactivation of certain CSTC fiber tracts 
in the brain underlies OCD pathophysiology, and 
selective disruption of these pathways can modu-
late them and treat OCD symptoms. In order to 
navigate treating patients with severe OCD using 
neurosurgical intervention, clinicians employ 
careful, detailed protocols for patient selection and 
screening, utilize various techniques to carry out 
detailed surgical ablation procedures, and conduct 
extensive follow-up care and monitoring.

The armamentarium available to clinicians to 
effectively and safely treat psychiatric illness is 
greater than it ever has been, and this is espe-

A. Barrios-Anderson and N. C. R. McLaughlin



455

cially true for the neurosurgical treatment of 
severe, intractable OCD. With numerous options 
for safe and effective lesion procedures in addi-
tion to novel methods of stimulation, clinicians 
and patients have a variety of similarly effective 
options to choose from, and this choice may 
allow for the freedom to optimize and personal-
ize patient care. With that being said, limited 
data of factors that impact surgical outcome and 
comparative studies among lesion procedures 
makes it difficult to distinguish which course of 
treatment might be best. In addition, our under-
standing of the neurobiological basis of OCD is 
still growing, with clinical interventions such as 
lesion procedures showing efficacy despite a 
limited understanding as to why ablation of cer-
tain neural fibers is effective. Gaining a clearer 
understanding of how current neuroablative 
interventions for OCD work will serve to simul-
taneously improve patient care and uncover the 
neurophysiologic basis of the maladaptive neu-
ral circuitry of one of the most debilitating psy-
chiatric diseases.
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Gilles de la Tourette Syndrome: 
Deep Brain Stimulation

Michael H. Pourfar and Alon Y. Mogilner

 Introduction

The history of the neurosurgical treatment of 
Gilles de la Tourette syndrome (TS)  – whether 
via lesioning or stimulation – has been predicated 
on the notion that intervention at key nodes can 
improve disorder-specific circuit abnormalities. 
One major, unresolved question at the time of 
this writing is what or which are the key surgical 
nodes in TS, a question that is particularly chal-
lenging given the variable, multifaceted nature of 
TS, which often includes prominent obsessive- 
compulsive and attention-deficit behaviors along-
side the hyperkinetic motor and vocal tic 
behaviors. Historically, as we shall review, surgi-
cal approaches have often targeted regions classi-
cally associated either with the presumed 
compulsive nature of tics akin to targets used for 
OCD (e.g., cingulum and anterior limb of the 
internal capsule) or regions more commonly 
associated with hyperkinetic movement disorders 
(e.g., the motor thalamus and posteroventral glo-
bus pallidus). Over time, subregions within the 
thalamus and pallidum, areas that represent a 
kind of crossroads between motor and limbic 
function, have emerged as stereotactic targets of 

choice, namely, the anteromedial globus pallidus 
and the dorsomedial thalamus. These two areas 
will receive the greater focus of our attention but 
not to the exclusion of other still-utilized targets.

 The TS Network

A basic understanding of the underlying circuit- 
based abnormalities in TS provides a useful 
platform for better understanding the surgical 
history. The cause or causes of TS are currently 
unknown. Genetics clearly plays a role in many 
cases with particular interest focusing on the 
role of single nucleotide polymorphisms, but 
the exact genetic underpinning has yet to be 
identified [1, 2]. Subtle neuropathological 
abnormalities have been reported (e.g., changes 
in caudate and thalamic volumes) but not con-
sistently [3, 4]. What has been repeatedly 
observed, however, is a difference in regional 
brain metabolism supporting a circuit-based 
pathophysiology or, more specifically, a cortico-
striato-thalamo-cortical (CSTC) abnormality 
[5]. In this model, simplified for our present 
purposes, aberrant activation of striatal neurons 
with inhibitory connections to GPi/SN leads to 
disinhibition of thalamocortical projections. 
The result is an imbalance of the normal promo-
tion of voluntary movements that leads to 
unwanted, specific motor patterns manifesting 
as tics. The prominent striatal role is  supported 
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by the symptomatic improvement following 
dopamine blocking and depleting therapies (the 
mainstay of medical management for decades) 
as well as evidence supporting metabolic “nor-
malization” following successful surgical inter-
vention [6].

 Surgical History

The first contemporary references to surgical 
intervention for TS involved anecdotal reports of 
patients who underwent frontal lobotomies and 
leukotomies in the 1950s (Stevens 1955; Baker 
1960) often for treatment of comorbid psychiat-
ric symptoms. Beginning in the 1960s, the medial 
thalamus – which was noted to have degenerated 
following these more indiscriminate procedures – 
was more specifically targeted for TS [7]. Cooper, 
an early pioneer of stereotactic lesioning for 
movement disorders, targeted the ventrolateral 
thalamus with some reported success, followed 
soon after by Dieckmann and Hassler who, draw-
ing from their prior experience lesioning patients 
with OCD, theorized that tics were a form of 
“motor obsessional phenomena” [8]. They tar-
geted the medial thalamus with a fairly extensive 
lesion that involved the rostral interlaminar, 
ventro- oralis, and centromedian-parafascicular 
nuclei. They reported improvement of 70–100% 
in 3 patients and, interestingly for the pre-DBS 
era, noted different symptomatic responses when 
testing stimulation frequencies prior to lesioning. 
Their approach, with its reported good results 
and safety outcomes, would provide a roadmap 
for the earliest DBS interventions some 35 years 
later and can thus be seen as an important land-
mark. At the time, however, they shared company 
with a variety of other approaches that included 
dentotomies, limbic leukotomies, and anterior 
cingulotomies [9, 10]. From the 1950s through 
the 1980s, approximately 65 cases were reported 
involving lesioning of these and other targets 
thought to be involved in the TS network. Reports 
often provided limited information on the precise 
location of the lesion and results generally lacked 
specifics in terms of pre/post tic evaluations. 
Furthermore, complications in the pre-DBS era 

were often considerable ranging from debilitat-
ing dysarthria (a not infrequent complication of 
bilateral thalamic lesioning), dystonia, ataxia, 
and hemiplegia [7, 11]. Interestingly, the data 
(limited though it is) suggested that targeting the 
cingulum, which was seen to be effective for 
OCD, was less effective for motor tics, suggest-
ing that TS and OCD, while sharing many fea-
tures, are not necessarily amenable to the same 
intervention [10]. The era of DBS, starting in the 
late 1980s, saw a rekindling of interest in possi-
ble surgical intervention for TS even if the ideal 
target remained a matter of conjecture. Targeting 
possibilities seemed to broaden rather than nar-
row with anecdotal reports of tics improving fol-
lowing STN DBS in a patient with Parkinson’s 
and TS, and following GPI DBS for patients with 
dystonia and TS [12, 13]. The first reported case 
of DBS specifically for TS was in 1999 by 
Vandewalle, who targeted Hassler’s aforemen-
tioned centromedian thalamic region and 
described the tics at 1 year as “abolished” [14]. 
Since that time, approximately 200 DBS cases, 
often as part of small case series, have been 
reported using as many as nine stereotactic tar-
gets, though largely focused on medial thalamic 
subregions, pallidal subregions, and the anterior 
limb of the internal capsule. Optimal candidates, 
optimal targets, and optimal programming 
approaches remain topics of debate with consen-
sus being further hampered by the relatively 
small patient population requiring surgical inter-
vention. Nevertheless, results continue to support 
the potential for improvement, sometimes dra-
matic and lasting, in properly selected patients as 
shall be discussed below.

 Candidate Selection

Consensus guidelines for patient selection were 
proposed in 2006 and slightly revised in 2015 
[15, 16]. Being a surgical procedure with its 
attendant risks (as discussed below), candidates 
should have sufficient burden from their TS and 
should have tried the commonly prescribed medi-
cations before being considered. The Yale Global 
Tic Severity Scale Score (YGTSS), which grades 
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motor and vocal tics based on a number of vari-
ables with maximal score of 50 (or 100 if includ-
ing the 50-point impairment score), is often used 
as a proxy of severity. The latest consensus 
guidelines suggest a score of 35/50 being indica-
tive of sufficiently severe TS to warrant surgical. 
While this is not unreasonable, it should be borne 
in mind that the score cannot entirely stratify 
potential risk of harm from tics and, being report- 
based, can over- or underestimate severity at any 
given point in time. For example, a single, force-
ful neck-jerking tic that poses a risk for cervical 
myelopathy might result in a relatively low 
YGTSS in the absence of other more complex 
tics. Conversely, an individual could have a large 
variety of complex motor and vocal tics, all on 
the milder side and not impacting quality of life 
greatly despite a high YGTSS score. Therefore, 
understanding the risk of harm and impairment 
from tics is more important than a particular 
number, and this is now also acknowledged in the 
consensus algorithm. Although the evidence for 
various specific medications in treatment of TS is 
often weak, standard of care includes trials of 
alpha-adrenergic agents, dopamine blocking, 
and/or depleting medications. Not every medica-
tion within these classes needs to be tried, but 
clearly, treatment by an experienced TS specialist 
familiar with appropriate options is required 
before a patient is deemed medically refractory. 
In addition to medications, there is good evidence 
that cognitive behavioral therapy or habit reversal 
therapy is helpful to some TS patients and should 
be pursued prior to DBS. From a practical stand-
point, it is not always easy to identify experi-
enced cognitive behavioral specialists, insurance 
coverage can be challenging, and evidence for its 
efficacy in the most severe TS cases is lacking, 
but given the possibility for benefit, every effort 
to connect patients with a behavioral therapist 
prior to DBS should be undertaken.

The appropriate minimum age at which sur-
gery be considered has been a matter of debate. 
TS often naturally wanes in early adulthood and 
so performing brain surgery on a minor who 
might improve with time alone has been viewed 
with some apprehension. In the initial proposed 
algorithm from the Tourette Syndrome Association 

[15], the suggested minimum age was 25, at 
which point the likelihood of natural attenuation 
was assumed diminishing. Arguing against this 
conservative approach was the contention that 
severe TS in younger patients could be associated 
with significant physical and psychosocial dis-
ability, and thus performing an intervention ear-
lier could have a meaningful long-term impact. 
The revised TSA algorithm [16] took a more 
nuanced stand, recommending that surgery only 
be considered in patients under 18 in cases where 
a multidisciplinary team and local ethic commit-
tee reviews the circumstances of a given case and 
weighs the relative risks and benefits. Our current 
approach, particularly given the lack of FDA 
approval for the indication at present, is to have all 
cases reviewed by a multidisciplinary committee 
not involved in the case with the addition of a 
pediatric specialist for patients under 18 and, 
though not absolute, will generally not perform 
surgery in patients under 16.

TS often keeps company with other neuropsy-
chiatric and behavioral symptoms including 
depression, anxiety, OCD, and ADHD.  The 
response to these does not always follow suit 
even following successful reduction in tic sever-
ity (OCD, for example, is common and some-
times improves alongside tics but can remain 
unchanged or even worsen despite improvement 
in tics in some cases). It is thus helpful to under-
stand how much of a potential candidate’s quality 
of life is impaired by tics and ideally select those 
whose benefit would not be undercut by signifi-
cant, persistent depression or OCD. Optimizing 
and understanding comorbid factors prior to sur-
gery and often working as part of a multispecialty 
team are vital to optimal outcomes. A particular 
emphasis on identifying suicidal or addictive 
behaviors that could potentially worsen follow-
ing DBS (especially if results are not as positive 
as hoped for) is of paramount importance. Along 
these lines, framing patient expectations is a very 
important part of candidate selection. As will be 
detailed below, outcomes are variable and nonre-
sponders difficult to predict prospectively, so 
patients should understand the potential for no or 
minimal improvement. Thoughtfully consider 
whether a patient’s expectations are realistic.
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In summary, a reasonable candidate is an oth-
erwise healthy individual with a clear diagnosis 
of TS who has failed an adequate trial of medica-
tions and behavioral therapy as assessed by an 
experienced specialist and has significant impair-
ment resulting chiefly if not exclusively from the 
motor and/or vocal tics with reasonable expecta-
tions and understanding of the possible outcomes 
and risks.

 The Surgical Targets

The recent publication by international Tourette 
Syndrome Deep Brain Stimulation Public 
Database and Registry [17], pooling case data 
from multiple centers and reporting on 185 
patients, reports the most common surgical as the 
centromedian thalamic region (57.1%), followed 
by the anterior globus pallidus internus (25.2%), 
posterior GPi (15.3%), and the anterior limb of 
the internal capsule (2.5%). There is currently 
insufficient evidence to suggest which target 
affords the most clinical benefit, as no significant 
difference in outcome was noted between targets.

 Surgical Technique

As in DBS for the more common movement dis-
orders (PD, ET, dystonia), the surgical technique 
varies from center to center. Challenges unique to 
the TS population include a relatively young 
patient age, as well as the potential for an increased 
rate of surgical complications due to the presence 
of self-mutilatory and/or OCD behavior in a sub-
stantial fraction of these patients [18]. While the 
authors’ surgical target (medial thalamus, 
described as CM/Pf/Voi depending on the publi-
cation) has remained the same over our 10-year 
experience, we have modified our technique due 
to both our own clinical experience as well as the 
introduction of adjunctive technology.

Staging Our preference is to perform the sur-
gery in a staged fashion, with simultaneous bilat-
eral cranial lead placement as an inpatient 

procedure, followed by generator placement 
1–2 weeks later as an outpatient.

Choice of generator We have moved from plac-
ing bilateral single-channel devices to dual chan-
nel rechargeable devices, given the 
aforementioned young patient age as well as the 
real-world experience of insurance company 
denials of generator replacement surgery, despite 
having approved the initial implantation.

Anesthetic technique For lead placement, we 
have utilized both the traditional method of 
awake/conscious sedation surgery with agents 
such as propofol and dexmedetomidine, which 
provides the opportunity for both microelec-
trode recording and macrostimulation to assess 
for both clinical efficacy and side effects. Given 
the severe and violent tics experienced by many 
of our patients resulting in difficulty with main-
taining an appropriate level of conscious seda-
tion, combined with the introduction of 
intraoperative CT, we have begun to perform all 
our of lead placement surgeries under general 
anesthesia, with anesthetic techniques that still 
allow for microelectrode recording. We utilize 
frame-based stereotaxis with MRI-CT fusion, 
with the MRI scan performed in the weeks prior 
to surgery under general anesthesia. CT scan-
ning is performed following frame placement 
for the purposes of stereotactic target calcula-
tion and after each lead is placed to confirm lead 
placement.

Surgical targeting The choice of target, by def-
inition, determines the method used for anatomic 
target identification. Whereas the pallidal and 
capsular targets can be visualized on MRI, indi-
vidual thalamic nuclei including the centrome-
dian region remain difficult if not impossible to 
target directly, and thus indirect anterior- 
posterior commissure-based targeting remains 
the primary targeting method. Our thalamic 
coordinates are 5 mm lateral to midline, 4 mm 
posterior to the midcommissural point, and on 
the AC-PC plane (Z  =  0). These coordinates 
reflect the location of the electrode tip, which 
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corresponds to Hassler’s substantia periventricu-
laris (Spv). The deepest (most ventral) contact is 
rarely used, and the actual locus of stimulation in 
our experience maps to the junction of the Voi/
CmPf [19] (Fig. 31.1). For this rather medial tar-
get, lateral approach angles (usually over 30 
degrees in the coronal plane), are necessary. 
Sagittal angles are similar to those traditionally 

used for the Vim thalamic and STN targets, from 
50 to 70 degrees posterior in the sagittal plane 
(Fig. 31.2).

 Microelectrode Recording 
and Macrostimulation

Our findings during microelectrode recording 
(MER) of the medial thalamus are similar to 
those reported in the literature [20]. We have 
found that the cessation of thalamic bursting 
activity can be useful to identify the laterality of 
the trajectory. Thalamic bursting cells are usually 
encountered until the microelectrode tip exits the 
thalamus and enters the SPv, approximately 
2 mm above the target. Loss of thalamic activity 
earlier in the trajectory suggests a medial devia-
tion, and continued thalamic activity closer to 
target suggests the opposite, namely, a lateral 
offset.

As the medial thalamus is distant from the 
corticospinal tracts as well as the medial lemnis-
cus, motor and sensory effects are not seen with 
macrostimulation. In awake patients, ventral 
stimulation can result in a subjective complaint 
of dizziness. Whereas direct tic suppression is 

Fig. 31.1 Image from the Schaltenbrand and Wahren ste-
reotactic atlas, axial slice at 2.0  mm above the AC-PC 
plane. The yellow marker represents the average area of 
stimulation as calculated using the postoperative imaging 

studies. This point corresponds to the calculated average 
area of stimulation in our series. (From Dowd et al. [19]. 
Reprinted with permission from Journal of Neurosurgery)

Fig. 31.2 AP skull X-ray demonstrating the lateral 
approach angle to the medial CM thalamic target
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difficult to confirm intraoperatively, stimulation 
slightly dorsal to the tip will, in some patients, 
elicit a sensation of “calmness.”

 Outcomes

A pithy distillation of TS outcomes across numer-
ous studies would be to state that approximately 
50% of patients improve about 50%. A more rig-
orous examination of the data, however, leads to 
a far more nuanced and cautious assessment of 
the results along with greater awareness of the 
imperfections and limitations of the relatively 
small and variable data. The vast majority of the 
reported outcomes derive from small, retrospec-
tive, non-blinded, non-placebo-controlled case 
series. Different age ranges, different rating 
scales, different brain targets, different stimula-
tion paradigms, and different follow-up periods 
make it hard to glean a clear picture let alone 
make convincing comparisons across different 
studies. Despite these important caveats, reported 
outcomes from approximately 200 patients (at 
time of this writing), including a handful of 
small, randomized trials and published meta- 
analyses, allow for some general remarks. Rather 
than delving into the details of each small case 
series, we will highlight an illustrative few that 
will hopefully provide context for better under-
standing of some pooled analyses.

 Thalamic DBS for TS

As mentioned above, the medial thalamus was an 
early target for TS in the pre-DBS era and was 
the first dedicated target for DBS in 1999 with 
Vandewalle reporting a 72–90% reduction in tic 
severity in 3 patients at up to 72 months follow-
 up [14, 21, 22]. The thalamus has subsequently 
remained the most common target but where pre-
cisely within the medial thalamus is targeted has 
varied across different centers. For example, the 
Milan-Bergamot group, with the largest thalamic 
case series published to date, targeted approxi-
mately 2 mm anterior to Vandewalle’s target and 
reported a 24–72% improvement in the YGTSS 

in 18 patients at up to 18 months follow-up [23]. 
Interestingly, while the tic reduction was highly 
statistically significant, there was a surprising 
lack of concordance between patient and physi-
cian perceptions of outcome in nearly half the 
cases. This disconnect speaks perhaps to the 
complexity of issues TS patients deal with that 
are not captured by a tic-related rating scale. Our 
group reported results in 13 patients who had 
undergone medial thalamic DBS and found a 
50% reduction at last follow-up (ranging from 
6 months to 5 years [19]. Closer inspection of the 
improvement on a case-by-case basis revealed a 
separation between marked responders and mild 
to minimal responders with no clear prospec-
tively differentiating features. Notably, all sub-
jects including those with less robust YGTSS 
reductions reported that they would repeat the 
procedure knowing what they know now. Two 
blinded, crossover studies highlight, in part, the 
challenges of performing such studies in this 
patient population. Maciunas et al. performed a 
double-blind, randomized stimulation versus 
sham stimulation study in 5 patients over 4 weeks 
followed by open, unblinded stimulation for 
3  months [24]. A video assessment, which was 
selected as the primary outcome, did demonstrate 
significant overall improvement comparing stim-
ulation versus non-stimulation, but the YGTSS, 
selected as a secondary outcome, did not reach 
significance perhaps in part due to the small num-
ber and in part perhaps related to varying overall 
outcomes with 3 of 5 patients demonstrating a 
more robust improvement. No clear factors 
appeared to distinguish the responders from the 2 
nonresponders. Ackermans et al. also undertook 
a blinded study but faced recruitment challenges 
with only 8 subjects over 4 years and only 6 who 
completed 1 year follow-up with a randomized 
OFF versus ON assessment at 3 months [25]. At 
3 months there was a 37% improvement ON ver-
sus OFF stimulation (though not statistically sig-
nificant) with a 49% improvement at 1  year, 
again with varying individual degrees of improve-
ment. Despite improvement, all patients reported 
a sense of diminished energy and visual com-
plaints without associated, objective findings on 
examination.
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 Pallidal DBS for TS

Pallidal DBS results are likewise chiefly derived 
from case series. A small double-blind trial of 3 
patients implanted with both pallidal and tha-
lamic electrodes suggested a greater response to 
pallidal stimulation at 20–60 months follow-up 
compared with thalamic or thalamic and pallidal 
together [26]. Though generalizing from a small 
study is difficult, it did generate increased inter-
est in pallidal stimulation. As with the medial 
thalamus, targeting has varied with some cen-
ters using the traditional posteroventral “motor” 
target and others using a more anteromedial tar-
get with some studies including a mix of the 
two. One of the largest case series involving 
both pallidal targets (though predominantly the 
anteromedial target) involved 15 patients, 13 of 
whom successfully completed a double-blind, 
crossover trial of on versus off stimulation eval-
uations for two three-month periods followed 
by open-label on stimulation follow-up of up to 
36 months [27]. Improvement during the blinded 
phase was modest and not statistically signifi-
cant, but open- labeled follow-up demonstrated a 
40% improvement in the YGTSS with associ-
ated improvements in quality of life scales. 
Martinez- Torres et  al. also reported a mixed 
cohort of anteromedial and posteroventral GPI 
DBS in 5 patients and found variable degrees of 
improvement, slightly more robust with the 
anteromedial target compared with the postero-
ventral [28]. In an open-label series of 17 
patients targeting the anteromedial GPI, 
Sachdev et al. reported a mean reduction of 54% 
in the YGTSS in patients followed up to 
46  months with 12 of the 17 improving over 
50% and all but one reporting some perceived 
benefit [29]. Eleven of the 17 also reported some 
improvement in their OCD symptoms.

 Other Targets for TS (ALIC, STN)

The anterior limb of the internal capsule is the 
approved target for OCD, and as TS shares obses-
sive/compulsive features, it is perhaps not sur-
prising that it has been used to treat TS as well. 

The majority of ALIC reports for TS are limited 
to single case reports [30–33]. The small num-
bers make generalizable conclusions difficult 
particularly as results have varied from worsen-
ing of tics [30] to dramatic reduction of tics and 
OCD [33]. In one open-label case report, a patient 
received a 25% improvement in YGTSS global 
severity following ALIC but experienced apathy 
or hypomania with adjustments. Following a lead 
fracture, the ALIC electrodes were replaced with 
medial thalamic electrodes resulting in a 50% 
overall improvement without stimulation- 
associated mood issues despite considerably 
higher stimulation parameters [34]. The STN is 
another potential if seldom utilized contender in 
the busy field of potential TS targets. Stimulation 
of the STN, often preferred for Parkinson’s, has 
been reported to improve OCD [35] and, in a 
single case report, improved tics in a patient suf-
fering from both PD and TS [13].

 Meta-Analyses

Two recent reports, one a meta-analysis based on 
review of the published literature and another a 
meta-analysis of data from the International Deep 
Brain Stimulation Registry and Database for 
Tourette Syndrome [17, 36], convey a broader 
sense of the outcomes to date. Baldermann et al. 
reviewed 57 articles consisting of 156 cases, 78 
being thalamic, 64 being pallidal, and 9 ALIC 
[36]. Median age at time of surgery was 30 (15–
60) with a mean improvement 53% (mainly 
derived from changes in YGTSS from median 83 
to 35). Reduction in motor tics was about equiva-
lent to reduction in vocal tics at 39% and 40%, 
respectively, with >50% of patients improving by 
>50%. In comparing outcomes across targets, 
they found the median YGTSS improvement fol-
lowing thalamic DBS to be 48% compared with 
Gpi-pl at 58%, Gpi-am at 55%, and ALIC at 
44%. OCD scores, measured using the YBOCS, 
had a mean improvement of 31% (median 16 to 
11) and were similar across targets. There was a 
trend toward more improvement in younger 
patients, but no particular target was unequivo-
cally superior nor were any determining factors 
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identifiable in terms of separating responders 
from nonresponders. The DBS Registry and 
Database encompasses the pooled data from 31 
actively involved DBS centers across 9 countries 
and recently reported 12-month data on 163 
patients (many of whom are also included in the 
aforementioned meta-analysis). In terms of 
demographics, the population was 72% male 
with a mean age at surgery 29.5 (youngest being 
13). Fifty-seven percent received thalamic stimu-
lation, while 25% received anterior pallidal, 15% 
posterior pallidal, and 3% ALIC.  The pooled 
improvement in the YGTSS was 44.1% with 
vocal responding slightly more than motor tics. 
Most improvement was obtained by 6  months 
and maintained at 1 year, and no significant dif-
ferences were clearly perceived between targets 
though the most robust improvement compared 
with baseline was noted in the anterior pallidal 
cohort though not to a point where any clear rec-
ommendations could be made in regard to pre-
ferred target selection.

 Complications

Although the risk of serious adverse events fol-
lowing DBS at experienced centers is low, it has 
been repeatedly noted that the risk of complica-
tions appear to be higher in the TS population 
compared with indications such as Parkinson’s 
disease [19, 23, 29]. Reasons for this may include 
the presence of obsessive behaviors such as pick-
ing at incision sites or compulsive twiddling of 
the pulse generator resulting in infection or hard-
ware malfunction (both of which occurred in our 
patient cohort and required hardware removal 
without lasting sequelae) [37]. Serious intraopera-
tive complications at experienced centers appear 
to be relatively uncommon and were reported as 
1.3% in the International TS DBS Registry. A tha-
lamic hemorrhage at the lead tip in one patient 
resulted in a gaze palsy [25]. Postoperative infec-
tions and hardware malfunctions likewise appear 
to be more common in TS, reported as occurring 
in 2.5% of patients in the Registry. Servello, in 
reviewing all DBS cases, reported a higher inci-
dence of infectious complication in patients who 

received DBS for TS [18]. It does not appear that 
a particular target is inherently more or less risk-
prone. As many TS patients receive DBS at a rela-
tively young age, the compounded risk of 
long-term indwelling hardware and IPG replace-
ments also needs consideration. Stimulation-
related complications  – though generally 
reversible  – are not infrequent in TS.  The TS 
Registry reported as many as 30% of patients 
experiencing a stimulation-related side effect, 
perhaps not surprising given the high stimulation 
parameters used in some patients. Thalamic stim-
ulation has been associated with a subjective feel-
ing of decreased energy and visual disturbances 
[25] despite a lack of objective neuroophthalmo-
logical findings. Dysarthria and paresthesias are 
also frequent though, again, typically amenable to 
reprogramming. Higher anxiety levels have occa-
sionally been associated with anterior GPI stimu-
lation [38] as has worsening of mood, impulsivity, 
and imbalance [29]. Although OCD has often 
improved or remained unchanged following DBS 
for TS, there have been thalamic and pallidal 
cases were OCD has worsened despite an 
improvement in tics [19, 23].

 Caveats and Conclusions

Despite the heterogeneous nature of the data, 
mainly derived from small case series with vary-
ing targets, methodologies, and outcome mea-
sures, there is a collective sense that DBS is an 
often (if variably) effective treatment option for 
refractory TS. Few of the studies allow for a con-
clusive determination as to what constitutes the 
best target, optimal stimulation parameters, or 
the most likely responders. These remain major 
limitations in our present understanding. Further 
hampering a clinical consensus is the relatively 
small number of patients requiring DBS, making 
a large multicenter, blinded study difficult to 
accomplish. The best means forward appears to 
be aggregated data as is being undertaken by the 
International Registry, which continues to pub-
lish outcomes data in hopes of providing a clearer 
picture. At this point, the authors feel safe stating 
that there is ample case-based evidence to  warrant 
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consideration of DBS for severe medication 
refractory TS targeting either the globus pallidus 
or median thalamus. However, the variable 
degree of response – including possibility of non- 
response  – along with the higher incidence of 
complications needs to be explicitly explained to 
prospective candidates, particularly to potentially 
more vulnerable younger patients. Ideally, con-
tinued thoughtful and systematic collection of 
pre- and postsurgical data will allow for a more 
straightforward assessment of DBS’s place in the 
armamentarium.
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Chronic Pain: Neuromodulation

Zoe E. Teton and Ahmed M. Raslan

 Introduction

Chronic pain affects 1 in 5 people in the United 
States and is the most common complaint of 
those seeking medical care [1]. This has a crip-
pling effect on individuals and their ability to 
provide for themselves and their families and 
represents a 500 million dollar economic toll 
from both medical treatment and loss of produc-
tivity [2]. In the wake of an aging baby boomer 
generation, as well as an opioid epidemic that has 
left thousands of lives lost, finding and utilizing 
effective solutions to treat chronic pain is of the 
utmost importance [3].

While there is a paucity of evidence support-
ing opioid efficacy in the management of chronic 
pain, continued prevalence puts an additional 
onus on expanding the pain physician’s arma-
mentarium to include various neuromodulatory 
techniques as potential treatment options [4]. 
There are many pain pathway targets available to 
the neurosurgeon attempting to treat chronic 
pain – from the peripheral nerve and the dorsal 
root through the spinal cord and midbrain to the 
thalamus and cerebral cortex [5]. Despite a mul-
titude of potential targets, therapeutic efficacy is 
highly variable, and the popularity of particular 

procedures has continued to transform over the 
years [2, 6].

An overview of the most common neuromod-
ulatory techniques used to treat chronic pain, by 
neurosurgeons, is presented and discussed.

 Pharmacologic

 Intrathecal Opioid Pumps

The use of intrathecal pumps in the treatment of 
intractable pain was first described in the early 
1980s and introduced a novel pathway to admin-
ister analgesic medications, one that rendered 
morphine administration with 400 times the 
potency of subcutaneously administered opioid 
[7]. Despite this benefit, intrathecal opioid deliv-
ery did not become particularly widespread in 
part due to lack of research and in part due to 
unease surrounding the administration of opioids 
via a pump and the subsequent complications 
that could arise [8]. However, a 2016 meta- 
analysis on the use of intrathecal morphine in 
spine surgery patients examined 8 randomized 
controlled trials (RCTs) involving nearly 400 
patients and found that postoperative morphine 
use was significantly lower in the 24 hours fol-
lowing surgery with comparable levels of pain 
relief [9]. A German group of investigators 
sought to examine the long-term use of intrathe-
cal therapy to evaluate efficacy, side effects, and 
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degree of dose escalation [8]. In their review of 
36 patients with a mean duration of over 11 years 
of intrathecal opioid delivery, they demonstrated 
significant pain relief that was maintained at lon-
gest follow-up. They also reported a benefit in 
speech, mobility, and improved functional scores 
on anxiety/depression scales. Mean morphine 
dose increased from 1  mg/day to 4.6  mg/day, 
which was in line with a previous study that 
reported an average annual dose increase of 12% 
in intrathecal opioid users. Side effects were sim-
ilar to oral opioid administration and included 
obstipation (58%), fatigue (36%), sexual dys-
function (33%), and urinary retention (30%) [8]. 
Intrathecal opioids have been used most exten-
sively among cancer patients where efficacy rates 
are considerably higher with up to 77% reporting 
long-term pain relief with the use of intrathecal 
analgesia [7].

 Intracerebroventricular Opioids

The use of intracerebroventricular (ICV) opioid 
administration has become increasingly rare and 
is now generally reserved for palliative treatment 
of otherwise refractory cancer pain [10]. The 
infusion device itself is small, relatively simple to 
install and use, and ultimately provides an oppor-
tunity for certain hospice patients to transition 
from hospital to home while maintaining quality 
of life. A review on ICV opioid use in 2011 
described the onset of action to be about 
20–40  minutes with the analgesic effect lasting 
anywhere from 12–16  hours depending on the 
dose and reported minimal complaints of respira-
tory depression or constipation [10].

 Stimulation

 Spinal Cord Stimulation

The most commonly utilized neurosurgical treat-
ment for chronic pain is the spinal cord stimula-
tor (discussed in detail in Chap. 13). Initially 
introduced in the late 1960s, spinal cord stimula-
tion (SCS) did not become popular until the 

1980s and was officially approved by the US 
Food and Drug Administration (FDA) to treat 
chronic pain in the trunk, arms, or legs in 1989 
[11, 12]. Today, approximately 34,000 spinal 
cord stimulators are implanted each year and 
account for over two-thirds of all neuromodula-
tory procedures [12]. Three factors are important 
when evaluating SCS – efficacy, indications, and 
cost-effectiveness.

Traditionally, SCS is thought to work by gen-
erating a small electrical current in the epidural 
space of the spinal cord that replaces the pain that 
patients feel with a mild tingling or paresthesia 
[4]. The leads are either electrodes placed percu-
taneously into the epidural space (Fig.  32.1) or 
paddles placed surgically via laminotomy 
(Fig.  32.2). Generally, patients will undergo a 

Fig. 32.1 Fluoroscopy demonstrating placement of SCS 
percutaneous leads
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trial stimulator placement with an external power 
source to determine level of efficacy before 
undergoing subcutaneous, surgical placement of 
an implantable pulse generator [13].

Spinal cord stimulation is particularly useful 
for treating mixed neuropathic with either noci-
ceptive or radicular pain and is popular as it pro-
vides a minimally invasive, relatively safe, and 
reversible treatment option for patients [4]. 
Stimulators are programmed based on different 
parameters. This makes configuration more com-
plex, but has the potential to increase use, as newer 
variations are explored. The amplitude, pulse 
width, and frequency of neurostimulation can 
vary, and each change introduces a new set of vari-
ables that need to be adjusted (and studied) sepa-
rately. Frequencies range from low (<5 Hz) to high 
(up to 1400 Hz), though conventional parameters 
consist of 40–60Hz of tonic stimulation [14–16].

A SCS meta-analysis was published in 2016 
and examined the efficacy of SCS for the treat-
ment of chronic spinal pain. It included 6 RCTs, 

3 of which were efficacy trials, while 3 were 
stimulation trials [11]. The authors determined 
that there was significant (Level I to II) evidence 
for the use of SCS for lumbar failed back surgery 
syndrome (FBSS), while only moderate (Level II 
to III) evidence for high frequency stimulation, 
but ultimately reported that SCS for each indica-
tion studied was cost-effective. This was in line 
with a large meta-analysis previously conducted 
in 2014 that included 74 studies for a total of over 
3000 patients with chronic back and leg pain 
(CBLP), the majority of which were due to FBSS 
[17]. The authors determined that 53% of patients 
will experience at least a 50% reduction in pain 
with a mean follow-up period of 2 years. While 
there had previously been suggestion in the liter-
ature that SCS was more effective for leg pre-
dominant CBLP, this study did not find a 
difference [13].

This was echoed in a review by the National 
Institute for Health and Care Excellence (NICE) 
in the United Kingdom that examined 11 RCTs, 
8 of which were aimed at treating ischemic pain, 
while 3 were aimed at treating neuropathic pain 
[18]. The group ultimately recommended SCS as 
a cost-effective treatment for medically refrac-
tory, chronic neuropathic pain conditions, such 
as FBSS, though were unable to draw conclu-
sions with regard to the utility of SCS for isch-
emic pain.

Newer and potentially more promising stim-
ulation patterns such as ultra-high-frequency 
SCS up to 10 kHz (HF10-SCS) and burst stimu-
lation (short bursts of electrical impulses fol-
lowed by a quiescent period) are rising in 
popularity due to their “paresthesia-free” nature 
and higher efficacy rates. There is class I evi-
dence to support the effectiveness of initial and 
long-term use of HF10-SCS therapy for treat-
ment of back and leg pain [16, 19]. Additionally, 
there is class I evidence to support the use of 
Burst-DR® therapy for back and leg pain [20]. 
Two reviews published by the same group in 
2018 examined these new modalities and found 
that both HF10-SCS and burst stimulation dem-
onstrated superior long-term efficacy in the 
treatment of CLBP compared to traditional SCS 
[15, 16, 21].

Fig. 32.2 Fluoroscopy demonstrating placement of SCS 
paddle electrode
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A relatively recently discovered therapy that 
falls under the umbrella of SCS is dorsal root 
ganglion stimulation (DRGS). It provides an 
alternative treatment option for patients with 
chronic regional pain syndrome (CPRS) and 
other forms of neuropathic pain with roughly 
equal efficacy rates [22]. A randomized, compar-
ative trial examining DRGS vs. SCS in the treat-
ment of CRPS found higher treatment success 
rates in the DRGS population 3  months post- 
surgery (81% vs 55%, p  <  0.001) [23]. 
Complication rates were similar between the two 
groups with implantable pulse generator (IPG) 
pocket pain (10%) and pain at the incision site 
(8%) being the most common within the DRGS 
group.

Complications for SCS are generally mild, 
though rates are high and are reported as 30–40% 
[4]. Usually, these are hardware related and 
include lead fracture (5–9%) and lead migration 
(0–27%). Biological complications (infection, 
allergic reaction, pain, hematoma, etc.) occur at 
lower rates, with infection being the most com-
mon, observed in 3–8% of cases [4].

 Peripheral Nerve Stimulation

Peripheral nerve stimulation is another neuro-
modulatory option to treat chronic pain with its 
most common application being occipital nerve 
stimulation (ONS) for occipital neuralgia. Details 
of outcomes of PNS for facial pain are provided 
in more detail in Chap. 14 and briefly described 
here. Occipital neuralgia is an uncommon cause 
of occipital headaches, characterized by intermit-
tent, shooting pains in the distribution of the 
greater, lesser, or third occipital nerves [24]. 
There are few studies on the use of ONS for 
occipital neuralgia treatment, but efficacy rates 
are documented as high as 85% (17/20) in some 
series with relatively minor complications [25]. 
The Congress of Neurological Surgeons (CNS) 
published a systematic review and evidence- 
based guideline in response to the question, “Is 
ONS an effective treatment option for medically 
refractory occipital neuralgia?” with nine studies 
meeting the inclusion criteria [26]. They did note 

that the sample size was limited as only patients 
with medically refractory occipital neuralgia 
were examined and concluded with Level III evi-
dence that ONS should be considered as a treat-
ment option in this patient cohort. Complications 
were most commonly infection (up to 29%) and 
lead migration (up to 10%).

Peripheral trigeminal nerve stimulation has 
emerged in recent years to aid in the treatment of 
peripheral trigeminal neuropathic pain [27]. Data 
on use, however, is even rarer than its occipital 
counterpart. In one of the larger case series on the 
topic (n = 10), peripheral nerve stimulation (PNS) 
was found to provide at least 50% pain relief in 
70% of patients with 80% of patients indicating 
they were mostly or completely satisfied with the 
treatment overall with a mean follow-up period 
of over 2  years [28]. Complications requiring 
reoperation were high, however, and totaled 
nearly a third of patients.

 Deep Brain Stimulation

Since peak use in the 1970s, deep brain stimula-
tion (DBS) use for chronic pain treatment has 
been on the decline, in large part due to the many 
variations in targets and surgical technique, 
which clouds the interpretation of individual 
study efficacy measurements [29]. Deep brain 
stimulation for pain is most commonly used for 
central post-stroke pain, atypical facial pain, and 
brachial plexus injury, as well as a certain subset 
of patients that have failed SCS [2].

Multiple target use over time, with heteroge-
neous indications for treatment, leads to cessa-
tion of a major DBS trial in the USA, and 
therefore, DBS is currently not covered by 
insurance or FDA approved for treatment of 
pain [30]. Current DBS use and research for 
pain is conducted in Europe. An Oxford Group 
contributed substantially to current worldwide 
knowledge about use of DBS in treating chronic 
pain. The group had initially led the effort of 
dual thalamic (VPL/VPM) and periventricular 
gray and periaqueductal gray PAG/PVG stimu-
lation [31]. Later, they switched their approach 
to anterior cingulate cortex (ACC) stimulation 
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with encouraging long- term results, although 
with unexpected complications of seizure induc-
tion [32, 33].

A review by Bittar et al. concluded that DBS 
was more effective for nociceptive pain with suc-
cess rates as high as 80% and less so for deaffer-
entation pain where the highest success in any 
study was reported at 67%. This difference was 
significant across the 6 studies reviewed [29]. A 
review in 2015 concluded that DBS for pain has 
been shown to be effective in several case series 
though lamented that clinical trials are required 
to demonstrate this effect more robustly [5].

 Motor Cortex Stimulation

Motor cortex stimulation (MCS) is a potential 
alternative for the alleviation of central pain [29]. 
Stimulation of the motor cortex in the treatment 
of neuropathic pain is thought to work by the 
inhibition of thalamic sensory neurons that have 
become hyperactive as a result of deafferentation 
[6, 34]. Motor cortex stimulation involves the 
implantation of epidural electrodes over the 
motor cortex via a frontoparietal craniotomy. The 
hope was that this less invasive approach to cra-
nial neuromodulation would show comparable 
pain relief rates to DBS though comparison stud-
ies are lacking [2]. While this neuromodulation 
technique has been in place since the early 1990s, 
its use remains very limited due to highly vari-
able efficacy rates among individuals and the 
lack of standardized stimulation thresholds [34–
36]. A meta-analysis in 2009 reported on out-
comes from 210 patients and found that 55% 
experienced a good response to MCS (pain relief 
of at least 40–50%), and this was maintained out 
to 1 year for 45% of the 152 patients that could be 
contacted [37]. Complications included seizures 
in the early postoperative period (12%), infec-
tions (5.7%), and hardware complications (5.1%). 
However, none of the studies included were 
blinded or controlled, and a significant placebo 
effect is described with as many as 35% of 
patients describing pain relief despite their stimu-
lator not being turned on during the trial period 
[37]. Patient selection is of paramount impor-

tance in these cases with neurogenic pain gener-
ally showing better response than nociceptive 
pain and with higher success rates in facial pain 
(68%) as compared to central pain (54%) [6, 
34, 37].

 Conclusion

Chronic pain is a debilitating condition that lacks 
a straightforward treatment regimen. While the 
neurosurgeon does have a multitude of options at 
their disposal to aid in treatment, research into 
each option is difficult to interpret due to hetero-
geneity in reporting paradigms, individual’s sub-
jective experience of pain, and the inherent 
variability in the procedures themselves. However, 
for the well-selected patient with otherwise intrac-
table pain, neuromodulation represents an effec-
tive option to alleviate suffering. Further study 
should be aimed at conducting larger scale, RCTs 
to answer the question of efficacy, and complica-
tion rates for each treatment modality.
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Chronic Pain: Lesions

Patrick J. Karas and Ashwin Viswanathan

 Introduction

For most patients with chronic pain, neuromodu-
lation or intrathecal drug delivery is the best 
approach for the management of their pain. 
However, for patients in whom neuromodulation 
is not appropriate or does not lead to effective 
pain control, ablative techniques remain an 
important alternative. Moreover, cranial and spi-
nal ablations are both relevant and important 
techniques for treatment of medically refractory 
cancer pain. Cordotomy, the interruption of the 
spinothalamic tract, and myelotomy, the interrup-
tion of the dorsal column visceral pain pathway, 
can be performed percutaneously or through 
open surgery via laminectomy. Cingulotomy, the 
lesioning of the anterior cingulate cortex, is a 
useful approach for patients who suffer from a 
significant affective component of pain. Ablative 
techniques offer the advantages of immediate 
pain relief, do not require routine medical visits 
for maintenance of an implanted device, and have 
greater cost efficacy as compared to neuromodu-
lation alternatives. In this chapter, we will review 
cordotomy, myelotomy, and cingulotomy for the 
treatment of intractable pain.

 Cordotomy

Cordotomy is an established technique and mul-
tiple approaches to lesioning the spinothalamic 
tract have been explored. Open cervical or tho-
racic cordotomy with mechanical sectioning of 
the spinal cord, as well percutaneous approaches 
using radiofrequency ablation, are commonly 
used. CT-guided cordotomy, pioneered by 
Kanpolat, has made cordotomy significantly 
safer and more effective. Two important large 
neurosurgical series of CT-guided cordotomy 
have been published. In one, a prospective study 
of 41 patients who underwent cordotomy, 80% of 
patients had no pain postoperatively and for 
1 month post-procedure [1]. In the patients sur-
viving at 6 months post-procedure, 32% had no 
pain, while another 48% percent had partial satis-
factory pain relief. Similarly, Kanpolat achieved 
significant improvement in pain intensity from 
mean 7.6 preoperatively to mean 1.3 postopera-
tively in a series of 207 cordotomies [2]. When 
Kanpolat reported his subset of 108 patients with 
lung cancer, 89% of patients had no pain 
postoperatively.

More recently, Viswanathan and colleagues 
performed a prospective randomized crossover 
trial in which patients with medically refractory 
pain were randomized to undergo cordotomy ver-
sus continued comprehensive palliative care [3]. 
Significant improvement in pain intensity was 
seen in patients randomized to cordotomy, while 
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those randomized to continued palliative care had 
no further pain improvement. In addition, most 
patients randomized to continued palliative care 
elected to crossover to cordotomy. After surgery 
all of these patients also had dramatic pain 
improvements.

 Indications

Cordotomy is an effective treatment for nocicep-
tive cancer pain. Nociceptive pain is caused by 
direct tissue involvement from the tumor. We 
highly recommend that high cervical cordotomy 
should only be performed unilaterally in order to 
avoid interrupting the adjacent reticulospinal 
tracts bilaterally. Disruption of both reticulospi-
nal tracts can lead to central hypoventilation syn-
drome (Ondine’s curse), which has been reported 
after bilateral high cervical cordotomy [4, 5]. 
Because the spinothalamic fibers decussate, the 
effect of a cordotomy begins on pain arising 2–5 
segments below the targeted spinal level. 
Therefore C1–2 percutaneous cordotomy usually 
decreases pain arising at C5 or C6 dermatomes 
and below.

While cordotomy is extremely effective for 
nociceptive pain, the effect on neuropathic pain is 
mixed. In our experience, cordotomy is much 
less effective for pain associated with complete 
deafferentation. Most pain conditions associated 
with cancer have both nociceptive and neuro-
pathic pain components. Because of this hybrid 
pain phenotype, we have experienced some vari-
ability in pain outcomes with cordotomy [6]. 
While the neuropathic pain component is par-
tially responsible for this variability, incomplete 
ablation of the spinothalamic tract likely also 
plays a role.

 Intraprocedural Imaging 
Considerations

A significant body of literature was generated 
performing cordotomy with standalone fluoros-
copy. Modernly, three-dimensional intraopera-
tive imaging techniques allow for safer and more 

accurate targeting, leading to even better pain 
control outcomes. Two main imaging modalities 
are commonly used. Conventional CT with 
myelography, available either in a diagnostic 
radiology suit or in the operating room, provides 
excellent imaging and visualization of the spinal 
cord, and scanning is very fast. A movable table 
within the CT scanner greatly facilitates moving 
the patient quickly in and out of the scanner to 
adjust the needle position. The O-arm (Medtronic) 
is an intraoperative imaging technique with 
increasing availability in the United States. The 
O-arm allows for x-ray during advancement of 
the spinal needle instead of performing short seg-
ment CT scans. While O-arm allows for time sav-
ing and lower radiation dose during needle 
insertion as compared to conventional CT, the 
O-arm does not allow short segment scans lim-
ited to a narrow working area such as the C1-C2 
region. Each O-arm spine acquires complete cer-
vical spine junction images. The myelogram 
quality obtained with O-arm is not as clear as 
conventional CT, though it is adequate for cor-
dotomy. Endoscopy is a third technique for per-
forming cordotomy, described in detail by Fonoff 
and colleagues [7].

 Surgical Techniques

A preoperative cranial CT scan must be obtained 
prior to cordotomy to rule out a mass lesion 
which could lead to herniation during the C1–2 
spinal puncture. We perform cordotomy in the 
diagnostic CT scanning area. A lumbar puncture 
is performed for injection of intrathecal contrast 
to perform a cervical myelogram. After injection 
of intrathecal contrast, the patient is placed in 
Trendelenburg for 15–20 minutes allowing for 
contrast distribution prior to CT scan.

It is helpful for an anesthesiologist to assist 
with pain control during the procedure, particu-
larly since cordotomy patients have severe pain at 
baseline. We recommend light intravenous seda-
tion via intermittent propofol boluses added to a 
baseline continuous infusion. The needle entry 
point for cordotomy is approximately 1 cm infe-
rior and posterior to the tip of the mastoid. 
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A  small amount of lidocaine (1%) is used to 
anesthetize the skin. A cervical spine CT scan 
centered at the C1–2 area is obtained, and the 
skin-to-dura distance is measured on the scan. 
This distance is marked on the 20-guage spinal 
needle included in the disposable percutaneous 
cordotomy electrode kit (LCED, Boston 
Scientific). The 20-gauge needle is then advanced 
from the entry point toward the C1–2 interspace. 
During needle advancement, multiple short CT 
scans are obtained, centered around the needle, in 
order to direct the needle along the correct trajec-
tory toward the dura and anterior half of the spi-
nal cord (Fig. 33.1). If targeting lower extremity 
pain, the spinal needle should be directed to 
slightly anterior to the midline (in anterior- 
posterior direction) of spinal cord. If targeting 
upper extremities or trunk, the needle should be 
directed more anteriorly by 1–2  mm. Using 
image guidance, the needle tip is advanced 
through the dura into the CSF. The needle stylet 
is then replaced with the LCED electrode. Tactile 
feel, impedance measurement, and imaging are 
then used to direct the electrode. Impedance mea-
surement of the electrode will measure a few 

hundred Ohms (<300 Ω) when in CSF. This will 
increase significantly to a range of several hun-
dred Ohms (300–500  Ω) when the electrode 
touches and begins to penetrate the cervical spi-
nal cord pia. A clear tactile feeling is noticeable 
when the electrode enters the spinal cord, along 
with a dramatic increase in impedance to greater 
than 700 Ω. At this point, another CT scan is 
obtained to confirm the location of the RF elec-
trode within the spinal cord. If necessary, the 
electrode can be withdrawn until it is positioned 
within the radiographically expected location of 
the spinothalamic tract.

To determine the exact location of the elec-
trode within the sensory and motor tracts, intra-
operative physiological testing is performed 
after placement of the electrode. Sensory testing 
is performed at 100  Hz and a 0.1  msec pulse 
width, while motor testing is performed at 2 Hz 
and a 0.1  msec pulse width. Sedation must be 
stopped prior to testing so that the patient is 
communicative. Sensory testing is performed to 
ensure physiological presence within the spino-
thalamic tract – sensory sensation should cover 
the same distribution as the targeted painful 

Fig. 33.1 Short segment CT scans (after intrathecal 
myelogram contrast injection) are taken at the C1-C2 
interspace to guide the trajectory of the percutaneous 
radiofrequency ablation needle. The needle should be 
advanced perpendicularly to the floor, targeted to the 
anterior half of the spinal cord just anterior to the 

anterior- posterior plane midline. CT should be obtained 
after entering the thecal sac (left) and also after entering 
the pia prior to sensory/motor testing and radiofrequency 
ablation (right). (From Viswanathan [6]. Reprinted with 
permission from Elsevier Books)
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lesions. Patients will often report feeling warmth. 
Sensory stimulation can be conducted up to 1 V, 
but responses are often elicited at much lower 
voltage (e.g., 0.2 V). Testing for motor contrac-
tions is also performed up to 1 V stimulation to 
indicate a safe distance from the corticospinal 
tract.

After confirmation of electrode placement in 
the desired radiological and physiological loca-
tion, lesioning is performed. Additional anesthe-
sia is not required during lesioning because 
ablation of the spinothalamic tract is not painful. 
Our practice is to create two lesions at 80 °C for 
60 seconds in order to achieve adequate ablation 
for cordotomy. Under-lesioning will lead to inad-
equate or transient pain relief. It is important to 
test for new hypesthesia between lesions. If the 
patient does not have decreased pinprick sensa-
tion, an additional lesion may be needed. 
Adequate cordotomy should produce moderate 
hypalgesia.

 Complications

Overall, cordotomy is a very safe procedure. 
Additional safety is provided by CT guidance. 
Risks from the insertion of the spinal needle 
through the cervical dura and pia are very small. 
In our experience of over 70 cordotomies, we 
have never had a complication attributable to 
needle insertion or radiofrequency electrode 
insertion, even when the pia was penetrated mul-
tiple times as necessary to map the spinothalamic 
tract somatotopy and achieve the optimal elec-
trode location.

However, the radiofrequency ablation can 
cause complications. Inadequate, excessive, or 
misplaced lesions are the primary source of 
complications in cordotomy. Experience and 
judgment must be used to obtain an optimal bal-
ance between aggressive lesioning to achieve 
durable pain outcome while maintaining safety 
and avoiding undesired side effects due to exces-
sive or misplaced lesioning. We have moved 
toward performing two lesions at 80  °C for 
60 seconds each, largely because these parame-
ters have provided adequate ablation of the 

 spinothalamic target while minimizing side 
effects from excessive lesioning. In select cases, 
we create three lesions at 80 °C for 60 seconds 
each; however, increasing the number of spinal 
cord ablations also increases the risk of creating 
moderate to severe dysesthesia which can be 
uncomfortable to patients. Bothersome dyses-
thesias are extremely unlikely to result from two 
lesions at 70 °C for 60 seconds.

Ipsilateral motor weakness from ablation of 
the nearby lateral corticospinal tract is a possible, 
though rare, complication. Using CT guidance to 
ensure the needle is anterior to the midline of the 
spinal cord in the anterior-posterior plane helps 
to prevent this complication. Additionally, if 
motor stimulation up to 1 V (at 2 Hz and 0.1 msec 
pulse width) does not elicit motor contractions, a 
post ablation motor deficit is extremely unlikely. 
If placing the radiofrequency electrode at the 
midpoint of the spinal cord is necessary to 
achieve adequate lesioning of the spinothalamic 
tract based on sensory stimulation mapping, tran-
sient motor weakness may result. In our series of 
70 patients, transient ipsilateral lower extremity 
weakness occurred in 2–6% of cases. The leg 
weakness was minimal, with patients maintain-
ing at least 4/5 strength and continuing to walk 
with a walker. The weakness improved uniformly 
by 3 weeks postoperatively.

In addition to motor weakness, complications 
of cordotomy include bothersome dysesthesias, 
seen in 2% of our series. While respiratory com-
plications have traditionally been associated with 
cordotomy (from ablation of the diaphragmatic 
reticulospinal tract), we have not seen a case of 
respiratory complications in the era of CT-guided 
cordotomy. Similarly, other serious neurological 
injuries are exceedingly rare using a CT-guided 
approach.

Data from more than 300 CT-guided cordoto-
mies has been published across multiple series in 
the literature [1–3]. In Raslan’s 2008 series of 41 
patients who underwent cordotomy, no patients 
had new postoperative neurological deficits. 
Kanpolat’s 2009 series of 207 cordotomies 
reported 5 cases (2.4%) of new transient weak-
ness and 5 cases (2.4%) of temporary ataxia. All 
weakness and ataxia symptoms resolved by 
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3  weeks after surgery. Dysesthesias causing 
 significant discomfort to patients occur in 
approximately 2% of cases. No other major mor-
bidities have been reported in modern series.

 Myelotomy

Myelotomy describes a broad range of tech-
niques including interrupting either the anterolat-
eral system commissural fibers [8] or the midline 
visceral pain pathway fibers, or sometimes both. 
From here on out, we use the term myelotomy to 
signify the interruption of the medial dorsal col-
umn visceral pain transmission fibers. Midline 
myelotomy is most useful in patients who have 
intractable visceral pain, usually from malig-
nancy, localized to the abdominal or pelvic 
region.

Multiple different surgical techniques can be 
used to perform myelotomy. Open midline 
myelotomy [9], percutaneous myelotomy either 
performed with stereotactic [10, 11] or CT guid-
ance [12], and punctate midline myelotomy [13] 
are all well described and acceptable methods. 
Armour introduced the midline commissural 
myelotomy in 1927 [14], and Hitchcock per-
formed the first stereotactic percutaneous myelot-
omy in 1968. To perform Hitchcock’s stereotactic 
percutaneous myelotomy, the patient is seated 
with head held flexed in a stereotactic headframe. 
A puncture in the midline atlanto-occipital mem-
brane is used to perform a myelogram and visual-
ized the spinal cord. Hitchcock used a spark gap 
diathermy machine, creating a spinal commis-
sure lesion [10]. After this procedure, Hitchcock 
remarked on the far greater pain relief seen in his 
patients compared to what was expected if only 
lesioning the commissural fibers; his observa-
tions support previous hypotheses of alternative 
spinal pathways for visceral pain.

Our understanding of the midline dorsal col-
umn visceral pain pathway has been bolstered 
by several preclinical studies. Cell bodies in the 
nucleus proprius and spinal grey matter dorsal 
to the central canal receive primary afferents 
from the dorsal visceral pain pathway. The 
axons then synapse in the nucleus gracilis after 

ascending ipsilaterally in the midline of the dor-
sal columns [15–18].

 Surgical Techniques

Modernly, myelotomy is performed via three 
techniques: open punctate myelotomy, percuta-
neous radiofrequency myelotomy, and percuta-
neous mechanical myelotomy [19].

 Open Limited Myelotomy

Open punctate myelotomy, a technique initially 
described by Nauta [13, 20] and others [21–23] is 
performed under general anesthesia with patients 
positioned prone on the operating table. Surgical 
level is localized using fluoroscopy, keeping in 
mind that surgery interrupts the ascending pain 
pathway. The T3 or T4 level is generally used for 
upper abdominal pain, and T6 to T8 levels are 
used for patients with perineal pain. A wide single 
level thoracic laminectomy is performed allowing 
for visualization of the bilateral root entry zone. 
Such a wide laminectomy is not destabilizing in 
the thoracic spine since this region is stabilized by 
the ribcage. Bilateral root entry zone visualization 
is important as it aids in localization of the mid-
point of the spinal cord. The dura is opened in the 
midline and is retracted with sutures. The midline 
dorsal vein is preserved with mobilization if nec-
essary to view the dorsal median sulcus. The mid-
line pia is then coagulated with bipolar 
electrocautery, and a 16-gauge angiocatheter is 
used to create the lesions. Bilateral lesions should 
be 5 mm deep and extend 0.5 mm from the mid-
line. In order to create lesions to the desired depth, 
the outer catheter sheath of the angiocatheter 
assembly should be cut to expose only 5 mm of 
the tip of the needle (Fig. 33.2). At each location, 
the angiocatheter is inserted into the pia four 
times, rotating the needle by 90 degrees between 
each lesion. After creation of satisfactory lesions, 
hemostasis is obtained using thrombin-soaked 
Gelfoam, and the dura is closed with a running 
suture. Patients can be mobilized safely on the 
evening of surgery.
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 Percutaneous Radiofrequency 
Lesioning
Percutaneous radiofrequency lesions can be per-
formed both at the occiput-C1 level and in the 
thoracic spine. We use a custom 0.46 mm diam-
eter 26G radiofrequency electrode (Boston 
Scientific, CA), larger than the 0.33 mm cordot-
omy electrode, given Kanpolat’s better reported 
experiences using a larger diameter radiofre-
quency electrode for myelotomy [12]. First, the 
spinal cord is visualized with myelogram, and the 
patient is positioned prone with head flexed. For 
occiput-C1 myelotomy, the space between the 
occiput and C1 is targeted with intraoperative CT 
guidance. Using a posterior approach, a spinal 
needle is advanced aiming toward the midline of 
the spinal cord (Fig. 33.3). After puncturing dura, 
the needle stylet is removed, and a radiofre-
quency electrode is introduced into the spinal 
cord parenchyma. The radiofrequency electrode 
is targeted toward the antero-posterior midpoint 
of the spinal cord, and impedance measurements 

confirm placement of the electrode into the spinal 
cord parenchyma. Sensory stimulation is used to 
confirm correct placement, eliciting lower limb 
paresthesias at an amplitude less than 0.2  V 
(100 Hz, 100 μs). Two 60-second radiofrequency 
ablations at 70  °C to 80  °C are performed. 
Analogously, this same procedure can be per-
formed at an appropriate thoracic level.

 Percutaneous Mechanical Lesioning
We perform percutaneous mechanical myelot-
omy similar to as described by Vilela Filho [24], 
though we prefer contrast myelogram over air 
myelography. The patient is positioned prone and 
a spinal myelogram is performed. Intraoperative 
CT guidance aids in  localization of the correct 
spinal level. A cerebrospinal fluid tap is per-
formed with a 16-gauge angiocatheter assembly, 
taking care to maintain a midline trajectory of the 
needle. Under CT-guidance, the angiocatheter 
needle is then introduced into the spinal cord 
parenchyma. One penetration of the posterior 

Fig. 33.2 Interoperative 
image of lesioning in 
open mechanical 
myelotomy (top). The 
midline of the dorsal 
spinal cord is exposed, 
and 5 mm deep bilateral 
lesions are made 0.5 mm 
from midline with an 
angiocatheter. The outer 
sheath of the 
angiocatheter is trimmed 
to expose 5 mm of the 
needle tip to ensure 
accurate lesion depth 
(bottom). (From 
Viswanathan [6]. 
Reprinted with 
permission from 
Elsevier Books)
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midline spinal cord to 5 mm depth is performed 
and confirmed by CT.

 Complications

Open myelotomy is safe, with motor complica-
tions being extremely rare. Motor and sensory 
monitoring can be a useful adjunct to prevent com-
plication; however, the main precaution remains to 
take caution and remain in the midline of the spi-
nal cord. Image guidance percutaneous techniques 
have a similarly low rate of motor complications, 
largely thanks to the distance of the corticospinal 
tract from the midline of the spinal cord.

Transient dorsal column dysfunction can 
occur given that lesions are created between the 
dorsal columns. Such symptoms present tingling, 
coolness, or as decreased proprioception. While 
noticeable, these symptoms are generally well 
tolerated by patients and eventually resolve with-
out intervention.

 Cingulotomy

Cingulotomy is the creation of lesions where the 
cingulum white matter bundle passes the grey mat-
ter of the anterior cingulate gyrus. The develop-
ment and use of anterior cingulotomy for pain was 
derived from anterior cingulectomy procedures, 

originally used in the mid twentieth century as an 
alternative to frontal lobotomy. The cingulotomy 
procedure arose as less invasive procedures were 
developed in the 1940s and 1950s with advances 
in stereotaxy, which Ballantine applied in the 
1960s to create cingulate lesions at the 
Massachusetts General Hospital [25]. This enabled 
cingulotomy to yield beneficial outcomes in psy-
chiatric patients without creating significant 
adverse effects seen with cingulectomy or lobec-
tomy. Early patients undergoing cingulotomy over 
the next several decades had decreased depen-
dency on pain medications after surgery. The first 
series reporting cingulotomy for the treatment of 
refractory chronic pain was by Foltz and White in 
1968 [26], and since then numerous case series 
have illustrated the efficacy of anterior cingulot-
omy in alleviating pharmacologically intractable 
severe chronic pain.

The rising popularity of neuromodulation 
alternatives, including spinal cord stimulators 
and implanted chronic pain pumps, has led to 
decreasing use of anterior cingulotomy in recent 
decades. Modern practices generally reserve cin-
gulotomy as second or third line surgical treat-
ment after failure of non-lesional interventions 
[27]. Cingulotomy may be considered as first line 
surgical intervention in some scenarios. Patients 
too cachectic or nutritionally depleted to tolerate 
foreign body implantation, patients with end- 
stage malignancy with very short life expectancy, 

Fig. 33.3 Sagittal interoperative CT of posterior 
approach occiput-C1 percutaneous radiofrequency 
myelotomy. Note the trajectory and depth of the spinal 
needle and radiofrequency electrode (left). The midline 

trajectory is strictly maintained, with guidance provided 
by axial CT (right). (From Viswanathan [6]. Reprinted 
with permission from Elsevier Books)
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and patients who do not want a foreign body 
implantation or for whom device management is 
too burdensome may benefit from anterior cingu-
lotomy prior to consideration of neuromodula-
tion. Patients with a large affective component of 
chronic pain may also benefit from consideration 
of anterior cingulotomy prior to neuromodula-
tion, as cingulotomy has greater effect on reduc-
ing psychological and affective components of 
chronic pain.

The etiology of intractable chronic pain is 
diverse. Chronic pain is commonly stratified as 
cancer-related (e.g., treatment-related neuro-
pathic pain or tumor infiltration) or non-cancer- 
related (e.g., chronic lower back pain, diabetic 
neuropathy, post-traumatic neuropathic pain, 
atypical facial pain, phantom pain). The broad 
spectrum of etiologies results in diverse presenta-
tions of patients being evaluated for surgical 
intervention. Chronic pain refractory to previous 
treatment, particularly if contraindicated for a 
neuromodulation procedure or with a psycho-
logic component to the pain, should be consid-
ered for anterior cingulotomy [28].

 Decision Making

The anterior cingulate cortex plays an important 
role in the affective dimension of pain, defined as 
the psychological unpleasantness associated with 
a painful sensation. Modulation of the response to 
pain in the anterior cingulate with lesioning seems 
to provide relief by altering the perception of pain 
[29]. This occurs through long-term potentiation 
of anterior cingulate excitatory synapses in 
response to painful stimulus. The potentiation can 
even continue despite the absence of continued 
input from the peripheral nervous system. In this 
way the anterior cingulate cortex is intimately tied 
to generation and perception of chronic pain.

 Surgical Technique

Radiofrequency ablation (RFA) and laser inter-
stitial thermal therapy (LITT) are the most com-
monly used modern techniques for surgical 

ablation of the anterior cingulate cortex. RFA, a 
well-established technique for lesioning the cen-
tral nervous system, is a fast and inexpensive 
technique that can be performed with the patient 
awake allowing the surgeon to monitor the patient 
for potential complications prior to creating per-
manent lesions. LITT is a newer, more expensive 
technique but allows surgeons to monitor the size 
and location of the lesions in near real time with 
MR thermometry. LITT must be performed under 
general anesthesia in an MRI machine.

For both RFA and LITT, the anterior cingulate 
lesion is planned and localized using an anatomic 
thin cut stereotactic magnetic resonance image 
(MRI) scan obtained prior to surgery. The ante-
rior cingulate is located just adjacent to the mid-
line sagittal plane of the brain, partially 
circumscribing the corpus callosum.

The specific approach to targeting varies by 
surgeon preference, generally based on anatomy 
as opposed to a standardized coordinate system. 
General targets are centered in a coronal plane 
20 mm posterior to the tip of the frontal horn of 
the lateral ventricle, 10 mm lateral from midline, 
and 1–2 mm above the roof of the lateral ventri-
cle. The exact target is adjusted based on the pre-
operative imaging. There is some debated about 
the best anterior-posterior target, varying in the 
literature from 17.5 to 37.5 mm posterior to the 
anterior tip of the frontal horn of the lateral ven-
tricle. Sharim and Pouratian showed with a meta- 
analysis that more anterior lesions, closer to 
17.5 mm posterior to the anterior border of the 
lateral ventricles, led to better outcomes com-
pared to more posterior lesion placement [30]. 
Improved outcomes with more anteriorly placed 
lesions were also shown by Steele and colleagues 
in another series of patients with intractable 
depression treated by cingulotomy [31]. For both 
RFA and LITT, after completion of the first 
lesion, a second lesion can be created along the 
same trajectory by withdrawing the lesioning 
device by 10 mm and creating a second lesion.

To perform RFA ablation, skin incision and 
bilateral burr holes are placed based on the 
planned stereotactic trajectories. Dura is opened 
just prior to placing the RFA probe, and care 
taken to minimize CSF loss. Excessive CSF loss 

P. J. Karas and A. Viswanathan



481

can lead to brain shift and loss of stereotactic 
accuracy. Sulci and superficial vascular struc-
tures are avoided to minimize the chance of peri-
operative intracranial hemorrhage. A RF probe 
with 10  mm exposed tip is used for lesioning. 
After placing the probe to target, it is heated to 
80  °C for 90  seconds. A second more dorsal 
lesion is created along the same trajectory by 
withdrawing the RFA probe by 10  mm and 
reheating just as for the first lesion. A postopera-

tive MRI can be obtained to confirm lesion loca-
tion and size (Fig. 33.4).

LITT has more recently been used to perform 
anterior cingulotomy and has the advantage of 
near real-time MR thermography monitoring of 
the lesion size. As reported by Patel and col-
leagues [32], the laser cannula/fiber assembly is 
first placed to target using standard percutaneous 
stereotactic techniques. A skull-mounted anchor 
bolt is used to secure the cannula/fiber assembly. 

a

c

d

b

Fig. 33.4 Postoperative MRI showing location of radio-
frequency cingulotomy for medically refractory pain. (a) 
axial, (b) coronal, (c) parasagittal, and sagittal (d). (From 

Viswanathan et al. [27]. Reprinted with permission from 
the Journal of Neurosurgery)
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The patient, still under general anesthesia, is then 
taken to the MRI scanner. MRI thermography 
measures the temperature surrounding the laser 
tip every 2–8 seconds within the chosen field of 
view. Estimates of irreversible and reversible 
thermal damage are calculated over the course of 
the ablation to provide estimates of the total size 
of the lesion. A gadolinium post-contrast T1 MRI 
is performed after completion of the ablation to 
document the extent of the lesion and screen for 
any associated intracranial hemorrhage.

Post-ablation, patients are monitored over-
night in an inpatient unit and discharged on post- 
operative day 1. A steroid taper over 1–2 weeks is 
prudent to prevent extensive edema around the 
lesions.

 Complications

The most common side effects include nausea, 
headache, vomiting, and confusion. If present, 
these usually resolve within days after surgery 
and can often be temporized by a steroid taper 
and mild analgesics. Urinary incontinence and 
gait difficulty is more rare but also generally 
resolves over time, thought to be secondary to 
peri-ablation edema involving the adjacent 
 micturition and lower extremity motor areas 
adjacent to the cingulate. Seizures and intracra-
nial hemorrhage are less common, occurring in 
<5% of cases. Personality changes (e.g., flat 
affect), new psychiatric symptoms (e.g., paranoid 
ideations), and executive function impairment 
(e.g., attention, visual-processing, or simple 
motor skill) are also documented but rare. These 
symptoms generally resolve by 12 months after 
ablation. Rare but permanent cognitive side 
effects, including difficulty with spontaneous 
word production, objection construction, and 
focused attention, have been documented.

 Outcomes

Sharim and Pouratian reviewed 224 surgical 
cases across 11 studies of patients undergoing 
anterior cingulotomy for intractable chronic pain. 

These studies included both cases involving 
cancer- related pain in addition to non-cancer- 
related pain [30]. In total, 67% (n = 149) reported 
significant pain relief in the immediate postoper-
ative period. Interestingly, populations of patients 
with cancer-related and non-cancer-related pain 
did not show significantly different responses. 
Sustained pain relief at 12 months after surgery 
was achieved in 65% (n = 53 of 82) of patients; 
however, the majority of the cancer-related pain 
cohort was not included in this follow-up second-
ary to disease-related death (cancer n = 6 of 9; 
non-cancer n  =  47 of 73 sustained relief). Ten 
patients underwent reoperations, for which 8 
achieved significant or improved pain relief com-
pared to the initial ablation. Four of 6 (67%) of 
these patients with follow-up past 1 month main-
tained significant pain relief.

A second meta-analysis by Agarwal and col-
leagues showed pain improvement of 50–100% 
on pain assessment scales across 41 patients [33]. 
Again, these outcomes were comparable between 
cancer-related and non-cancer-related cohorts.

While its use has decreased in the past decade 
with the rising popularity of neuromodulation, 
anterior cingulotomy remains a safe and effective 
surgery for the treatment of treatment-resistant 
chronic pain. Anterior cingulotomy remains a 
viable option for patient’s refractory to neuro-
modulation, as well as in populations for which 
device-based therapies are not appropriate. In 
particular, anterior cingulotomy should be con-
sidered in patients with a significant affective 
component to their pain. The psychological side 
of pain is difficult to address with current 
 neuromodulation approaches and may be more 
effectively treated with anterior cingulotomy.

 Conclusion

Both intracranial and spinal ablative techniques 
are useful for the management of medically 
intractable pain. Though consideration should be 
given to non-lesional approaches, ablation can 
provide an immediate benefit with no ongoing 
device management. Advances in imaging have 
made these techniques more precise and safer. As 
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the level of evidence increases for these tech-
niques, broader adoption of these techniques will 
be facilitated.
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Cluster Headache: Deep Brain 
Stimulation

Harith Akram and Ludvic Zrinzo

 Introduction

Cluster headache (CH) is a facial pain disorder 
that falls under the umbrella of trigeminal auto-
nomic cephalalgias (TACs). The International 
Classification of Headache Disorders-III (ICHD- 
III) describes CH attacks as “severe, strictly uni-
lateral pain which is orbital, supraorbital, 
temporal or in any combination of these sites, 
lasting 15–180 minutes and occurring from once 
every other day to eight times a day. The pain is 
associated with ipsilateral conjunctival injection; 
lacrimation; nasal congestion; rhinorrhoea; fore-
head and facial sweating; miosis, ptosis and/or 
eyelid oedema; and/or restlessness or agitation” 
[1]. Although the attacks are described as 
“strictly unilateral”, it is not uncommon for these 
attacks to switch sides [2, 3]. CH is often consid-
ered as “the worst pain known to man”. The pain 
severity has been described as a “hot red poker 
piercing the eye” and as being “worse than giv-
ing birth” in those who have experienced both 
kinds of pain. CH has also been referred to as 
“suicide headache” due to the high risk of sui-
cide associated with it [2, 4]. When CH attacks 
occur for more than 1 year without a remission, 

or with remissions lasting less than 3 months, it 
is defined as chronic cluster headache (CCH). 
Around 10–15% of sufferers have CCH as 
opposed to the episodic variety [5].

 Diagnostic Criteria of Cluster 
Headache [1]

 A. At least five attacks fulfilling criteria B–D
 B. Severe or very severe unilateral orbital, supra-

orbital and/or temporal pain lasting 
15–180 minutes (when untreated)

 C. Either or both of the following:
 1. At least one of the following symptoms or 

signs, ipsilateral to the headache:
• Conjunctival injection and/or 

lacrimation
• Nasal congestion and/or rhinorrhoea
• Eyelid oedema
• Forehead and facial sweating
• Miosis and/or ptosis

 2. Sense of restlessness or agitation
 D. Occurring with a frequency between one 

every other day and eight per day
 E. Not better accounted for by another ICHD-III 

diagnosis

CH has a prevalence of 0.2%, usually affect-
ing young adults with a clear male predominance 
[6–8]. The majority of sufferers respond to stan-
dard medical therapy with acute treatments to 
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treat attacks and prophylactic treatments to 
 prevent attacks or reduce their frequency and 
severity. Evidence-based acute treatments are 
high-flow oxygen (100% at 7–15 L/min), subcu-
taneous sumatriptan injections and nasal triptans. 
Prophylactic treatments include verapamil, lith-
ium, methysergide, topiramate, gabapentin, mel-
atonin and valproate [9].

Other TACs consist of paroxysmal hemicrania 
(PH), short-lasting unilateral neuralgiform head-
ache attacks, short-lasting unilateral neuralgi-
form headache attacks with conjunctival injection 
and tearing (SUNCT), short-lasting unilateral 
neuralgiform headache attacks with cranial auto-
nomic symptoms (SUNA) and hemicrania conti-
nua (HC) [1].

 Pathophysiology of Cluster 
Headache

The underlying pathophysiology in cluster head-
ache (CH) is not fully understood [10–17]. 
Attacks often involve a nociceptive (facial pain in 
the trigeminal nerve’s ophthalmic distribution) 
and a parasympathetic component (tearing, red-
ness, nasal discharge, etc.).

Though the exact trigger site in the brain for 
CH attacks is not clear, the hypothalamus has 
been implicated in the disease process [18–22], 
and pathological activation of the trigemino- 
parasympathetic brainstem reflex is thought to be 
responsible for simultaneous activation of tri-
geminal nerve and craniofacial parasympathetic 
nerve fibres, respectively, leading to the charac-
teristic ipsilateral cranial pain and autonomic fea-
tures [15, 23]. The periodicity of individual 
attacks, the relapsing-remitting course and the 
seasonal recurrence of headache bouts are all 
suggestive of possible hypothalamic role in CH 
[2, 15]. This has been supported by neuro- 
endocrinological studies [18, 19] as well as neu-
roimaging studies [20, 21]. Occasionally, cranial 
sympathetic dysfunction can occur as a second-
ary event caused by parasympathetically medi-
ated internal carotid artery dilatation in the 
cavernous sinus.

 Neuromodulation in the Treatment 
of Cluster Headache

Although the majority of patients respond to 
medical treatments, a small but significant num-
ber prove intractable to medical therapies. For 
these patients, neuromodulation, whether periph-
eral, central or both, may present a last resort 
treatment option. Peripheral neuromodulation is 
less invasive than central neuromodulation and 
should be considered first. This is delivered either 
through chronic stimulation of the greater occipi-
tal nerves (bilaterally) using two subcutaneous 
electrodes connected to an implantable pulse 
generator (IPG) [24] or through intermittent 
sphenopalatine ganglion (SPG) stimulation using 
a submucosal, oral implant with electrodes in the 
sphenopalatine fossa [25, 26]. Occipital nerve 
stimulation (ONS) and SPG stimulation for CH 
are thought to work by activating the trigemino- 
cervical complex (TCC) [27, 28]. Central neuro-
modulation may be carried out in select patients 
where peripheral neuromodulation has failed or 
is not available. This treatment is more invasive 
and is delivered through ipsilateral (or bilateral) 
chronic, high-frequency deep brain stimulation 
(DBS) in the ventral tegmental area (VTA). This 
target has also been described as “the posterior 
hypothalamic region” although, strictly speaking, 
anatomically it lies behind the posterior border of 
the hypothalamus proper in the midbrain tegmen-
tum [29].

 Rationale for Ventral Tegmental 
Area (VTA) DBS in the Treatment 
of Cluster Headache

In 1998, a positron emission tomography (PET) 
study during acute cluster attacks reported 
increased activation in the posterior hypotha-
lamic region ipsilateral to the headache attacks 
(although we now know that the maximal activa-
tion was centred over the ventral tegmental area 
as previously highlighted). Subsequent neuroim-
aging studies also pointed to increased activity 
and neuronal density in the same region [20–22, 
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29, 30]. The finding led to the first deep brain 
stimulation procedure using this target in 2001 
with attacks disappearing within 48  hours of 
starting stimulation [30].The first series of 
patients with CH treated with DBS in 5 patients 
was later reported in 2003, and subsequently a 
cohort of DBS in 19 patients was reported in 
2013 [31, 32]. Incidentally, the brain region used 
for DBS had been previously described as a sur-
gical target by Sano et al. for stereotactic lesions 
in 51 patients with pathologically aggressive 
behaviour [33]. A similar target has also been 
used in DBS trials for the treatment of depression 
[34]. To date, different centres have published 
data on over 120 patients with DBS for medically 
intractable CCH with varying response rate but 
an overall good efficacy and safety record with 
the exception of one fatal intracerebral haemor-
rhage during a microelectrode-guided procedure 
[3, 31–33, 36–42].

A randomized controlled trial of DBS in 
chronic cluster headache was carried out by 
Fontaine et al. in 2009. Eleven patients received 
either stimulation or placebo “sham stimulation” 
following surgery for 1 month only with a cross- 
over design separated by a 1-week washout 
period. No significant difference between pla-
cebo and therapy effects was seen. Nonetheless, 
the open-label 10-month extension (reported in 
the same paper) showed a clear and significant 
improvement with 6 out of the 11 patients 
responding to the chronic stimulation leading to a 
reduction of >50% in the weekly frequency of 
attacks. In fact, 3 out of the 11 patients receiving 
DBS were pain-free at the end of follow-up [35]. 
This is not surprising as most prospective, open- 
label studies have shown that longer periods of 
stimulation are required before a significant 
improvement is achieved; moreover, in the case 
of a long-lasting implantation “stun” effect, sham 
stimulation is likely to show a degree of improve-
ment from baseline thus making the comparison 
meaningless [3].

Chronic, high-frequency deep brain stimula-
tion (DBS) in the VTA has been shown to be a 
safe and effective treatment modality for patients 
with refractory chronic cluster headache (CCH) 

in several prospective studies [3, 30, 31, 36–40]. 
Leads are implanted ipsilateral to the cluster 
headache symptoms, and bilateral lead implanta-
tion is recommended in patients with side- 
alternating cluster headache.

 Patient Selection, Surgical 
Procedure and DBS Programming

A multi-disciplinary approach to selecting suit-
able patients for surgery is essential. Patients who 
fulfil the ICHD-III diagnostic criteria for CCH 
and who have been experiencing highly dis-
abling, medically refractory symptoms for at 
least 2 years and who have no contraindications 
to stereotactic surgery are considered suitable. In 
our practice, patients are classified as medically 
intractable if they fail adequate trials of at least 
five of the following seven drugs: verapamil, lith-
ium, methysergide, topiramate, melatonin, gaba-
pentin and valproate. A failed trial is defined as 
an unsatisfactory response, side effects, intoler-
ance or contraindication to the use of the agent 
[41].Patients should be considered for ONS 
and SPG stimulation prior to DBS. 
Neuropsychological evaluations and MRI brain 
scans are performed to rule out cognitive 
impairment, brain lesions or significant brain 
atrophy prior to the MDT assessment.

An MRI-guided and MRI-verified approach, 
without microelectrode recording, is recom-
mended for lead implantation [3, 42, 43]. A fatal-
ity linked to the use of microelectrode recording 
in DBS for CH has been previously reported [36]. 
Surgery can be safely carried out asleep under 
general anaesthesia [3]. In awake patients, how-
ever, intraoperative testing with macro- 
stimulation can elicit transient tachycardia, raised 
blood pressure, vertical diplopia and a feeling of 
“panic” or “impending doom” with higher volt-
ages. These effects tend to be reproducible across 
patients. The anatomical target is in the ipsilat-
eral ventral tegmental area. In patients with a his-
tory of bilateral attacks (side-switching), bilateral 
surgery is advised. In our practice, the location 
for the deepest contact is defined on a T2-weighted 
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stereotactic MR image at an axial level immedi-
ately above the mammillary bodies, anteromedial 
to the hypointense red nucleus and posterolateral 
to the hypointense mammillothalamic tract. 
Immediately after lead implant, lead location is 
verified with a stereotactic MRI scan (Fig. 34.1) 
in patients without ONS.  Stereotactic CT scan 
can also be performed in patients to confirm lead 
location. The lead is then connected to a single- 
or dual-channel implantable pulse generator 
(IPG) implanted in the infra-clavicular region on 
the same day of lead implantation or at a later 
date, as a staged procedure.

It is not uncommon for some patients to expe-
rience an implantation “stun effect” postopera-
tively. This can be sustained for several weeks 
during which attacks improve without any stimu-
lation. DBS programming is conducted to define 
optimal stimulation parameters once the stun 
effect has resolved, or otherwise a week or two 
after surgery to allow for the oedema around the 
leads to settle in patients with no stun effect. No 
strong evidence exists for the optimal stimulation 
frequency and pulse width. Early reports 
described using a frequency of 180  Hz and a 
pulse width of 60 μs [30, 31]. Voltage is adjusted 

according to self-limiting side effects (diplopia, 
vertigo, oscillopsia and ophthalmoplegia) in sin-
gle or multiple steps, depending on the patient.

 Measuring the Burden of Headache 
and the Response to Treatment

The “objective” measurement of chronic pain 
remains a challenge in clinical practice. Patient- 
reported scores are often used but, as CH is epi-
sodic, attacks can be measured in terms of 
severity, frequency and duration. Traditionally, 
change in headache severity and/ or frequency 
but not attack duration has been used to describe 
the response to treatment. This may not represent 
the real response that patients subjectively expe-
rience. An alternative, more meaningful measure 
of symptom severity can be applied using the 
headache load (HAL) measure. This is calculated 
from the sum total of the product of attack sever-
ity (on a verbal rating scale) multiplied by attack 
duration (i.e. ∑ [severity on the verbal rating 
scale]  ×  [duration in hours]) for each cluster 
attack occurring over a 2-week period [3]. 
Though the International Headache Society 

Fig. 34.1 DBS lead location in the left VTA on axial (left) and coronal (right) MRI slices. (From Akram et al. [3]. 
Reprinted with permission from Wolters Kluwer Health, Inc)
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guidelines for cluster headache clinical trials 
advocate a reduction of 50% in headache fre-
quency as a marker for treatment response [44], it 
is our experience that patients who achieve a sig-
nificant improvement in only one of the variables 
can be extremely satisfied with the therapy pro-
vided. For example, a patient with six attacks of 
1-hour duration per day with severity of 8/10 
who, after DBS, then experiences five attacks of 
1-hour per day with a 2/10 severity will not be a 
responder in terms of headache frequency but is 
certainly a responder in terms of headache load 
and overall disease burden. We therefore con-
sider patients to be responders after sustaining a 
reduction in HAL of ≥30%. This threshold is 
deemed meaningful in line with the Initiative on 
Methods, Measurement, and Pain Assessment in 
Clinical Trials (IMMPACT) guidelines and is in 
keeping with similar thresholds for response to 
drug trials [45]. Other outcome measures that can 
be useful in determining a response to treatment 
are the reduction in medications and disability, 
mood and quality of life scales as well as patient- 
reported percentage of improvement [3].

 Reported Improvement 
Following DBS

In one of the largest, open-label prospective stud-
ies, MRI-guided and MRI-verified DBS of the 
ventral tegmental area in 21 patients (follow-up 
range 1–5  years) was shown to be a safe and 
effective procedure in patients with chronic clus-
ter headache whose symptoms were refractory to 
other treatments. Symptomatic improvement was 
sustained over time and was accompanied by sig-
nificant improvements in a number of quality of 
life scales [3].

At the final follow-up point, there was a 50% 
overall improvement in the median headache fre-
quency and a 30% improvement in the median 
headache severity. The HAL improved by 79% 
from baseline at the 1-year follow-up point and 
by 68% at the final follow-up point. DBS 
appeared to have a greater beneficial effect on 
headache attack frequency than on attack sever-
ity, although both attributes improved. The 

 percentage of patients who had at least 30% 
reduction in median frequency and median sever-
ity of attacks at the final follow-up point was 62% 
and 43%, respectively. The percentage of patients 
who had at least 30% reduction in headache load 
was 81% at the final follow-up point. The monthly 
triptan intake of the group as a whole also 
dropped by 57%. Using current UK costing esti-
mates [46], this was calculated to be a saving of 
£8291.15 a month for the 21 patients or around 
£395 a month per patient on triptans alone.

In this study, a number of quality of life, dis-
ability and mood outcome measures improved 
significantly from baseline (the Migraine 
Disability Assessment Score [MIDAS] [47], the 
Headache Impact Test-6 [HIT-6] [47], Summary 
Measures of the Physical Scale [SF36-PCS] and 
EuroQol [EQ-5D]). The largest improvement 
was seen in MIDAS (median 79%) at 12 months 
and in the SF36-PCS (median 13%) at 6 months 
(Fig. 34.2).

Over the whole cohort, four patients (19%) 
did not show any response to DBS. This lack of 
response in some patients has also been reported 
in other studies in spite of well-positioned DBS 
electrodes [48]. This might suggest a yet uniden-
tified pathological process that renders these 
patients refractory to DBS.  Further work into 
structural and functional connectivity of this 
patient group may reveal underlying differences 
between responders and non-responders, improv-
ing patient selection and outcome of DBS in clus-
ter headache [3].

 Endoventricular DBS of the Third 
Ventricle for the Treatment 
of Chronic CH

In a proof of concept, seven patients were 
implanted with a single DBS lead laid on the 
floor of the posterior third ventricle. All patients 
had medically intractable chronic CH.  One 
patient had bilateral attacks. Targeting utilized 
preoperative MRI merged with stereotactic, intra- 
operative contrast ventriculography. The target 
coordinates were 0 for the “x”, 6 mm behind the 
mid-commissural point for the “y” and 1–3 mm 
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below the commissural plane for the “z” coordi-
nate, according to the depth of the third ventricu-
lar floor [49].

The surgical procedure involves frame-based 
stereotactic insertion of a guide tube, using a 
robotic arm, into the lateral ventricle. The DBS 
lead is then advanced along the trajectory towards 
the entry of the foramen of Monro. Once in the 
third ventricle, the stylet is removed, bent and 
reintroduced under fluoroscopic control, in order 
to place the electrode on the medial part of the 
floor of the posterior third ventricle. The location 
is then verified using postoperative CT and 1.5 T 
MRI scan. In this study, the stimulation ampli-
tude ranged from 0.9 to 2.3 V. Some patients had 
monopolar whilst others had bipolar stimulation 
modes [49]. Improvement in the frequency of 
attacks emerged within 3 months of stimulation. 
At the 12-month follow-up point, three patients 
were in complete remission, two had 90% 
improvement and one had 75% improvement. 
One out of seven patients did not show significant 

improvement. Interestingly, most patients showed 
an improvement in the hospital-acquired depres-
sion scores (HAD-D) but not the anxiety scores 
(HAD-A). This was attributed to possible stimu-
lation spread to the medial forebrain bundle, a 
structure currently being investigated in the treat-
ment of depression [50]. One patient needed to 
have the lead repositioned 3 months after surgery 
due to lead migration. All patients reported 
stimulation- related “trembling vision” with con-
jugated, rapid, circular movement of the eyes. 
This seems to settle with stimulation parameters 
adjustment. All patients also reported hemifacial 
autonomic attacks described as warm sensations 
with tearing ipsilateral to the site of the CH. Two 
patients experienced significant weight change 
(−14 kg and +5 kg) explained by change in exer-
cise levels for the first and improvement in mood 
and appetite for the second patient. One patient 
experienced “a sensation of well-being during 
the first trial of stimulation, mainly at 60 Hz, with 
a pleasant feeling of pressure to sleep” [49].

6 months

12 months

MIDAS HIT-6 HAD-A HAD-D BDI-II SF36-PCS SF36-MCS EuroQoL EuroScale

*
*

*

70%

60%

50%

40%

30%

20%

10%

0%

Fig. 34.2 Improvement in quality of life, disability and 
mood. ∗: p value ≤  0.05. P values are Bonferroni cor-
rected; they represent individual tests at each time point 
relative to baseline (number of comparisons = 2 for tests 
at 6 and 12 months). Median percentage of improvement 
in quality of life (SF36, EuroQol), disability (MIDAS, 
HIT6) and mood (HADS-A, HADS-D). MIDAS Migraine 

Disability Assessment Score, HIT6 Headache Impact-6, 
HADS-A, HADS-D Hospital Anxiety and Depression 
Scale, BDI-II Beck Depression Inventory II, SF36-PCS 
Short Form 36 Physical Component Summary, SF36-
MCS Short Form 36 Mental Component Summary. (From 
Akram et al. [3]. Reprinted with permission from Wolters 
Kluwer Health, Inc)
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In general, endoventricular DBS for chronic 
cluster headache appears to be feasible and to 
have a good efficacy and safety profile. Having 
said that, this remains a small pilot study and 
more data are required to support this approach 
which provides an alternative means of deliver-
ing stimulation to the posterior hypothalamic 
region/ventral tegmental area [49].

 Optimal VTA-DBS Target  
and CH Network

The exact mode of action of DBS for CH and the 
neural networks involved remain poorly under-
stood. Furthermore, the optimal stimulation site 
is yet to be identified [29–32, 36–38, 48]. 
Activation of the trigeminal nerve and ganglion 
has been demonstrated with hypothalamic stimu-
lation [51], possibly mediated by the trigemino- 
hypothalamic tract (THT) described in human 
and non-human studies [52–54].

The first patient [30] and patient series [31] to 
undergo DBS for CCH had the target in what was 
termed the hypothalamic grey. The target in this 
area, which is referred to here as the VTA, is not 
readily demarcated. This is due to three factors; 
firstly, the target has to be identified using sur-
rounding landmarks on MRI (e.g. the red nucleus, 
the mammillothalamic tract); secondly, the stim-
ulation amplitude (reaching ups of 4 Amp) cov-
ers a comparatively large brain tissue area around 
the active DBS contact, hence allowing some lee-
way in targeting accuracy; and thirdly, PET stud-
ies are subject to misalignment during the 
co-registration process, potentially introducing a 
spatial error [52]. This has been reflected in the 
discrepancy in the reported coordinates of activa-
tion with another PET study [53] and with a func-
tional MRI study [54]. The original target’s 
coordinates were 2  mm lateral to the midline, 
6 mm behind the mid-commissural point (MCP) 
and 8  mm below the AC-PC [30]. This is the 
same area identified in an earlier PET study [20]. 
The target was then modified to 2 mm lateral to 
the midline, 3 mm posterior and 5 mm below the 
MCP [31]. This last “Franzini” target has been 
generally adopted in the other surgical series 

[48, 55, 56]. A study of ten patients with CCH 
implanted with unilateral DBS leads using 
Franzini’s target employed postoperative AC-PC 
coordinates of the active DBS contact centres, 
projected on the Schaltenbrand atlas [57] and a 
three-dimensional 4.7 Tesla MRI atlas of the 
diencephalon-mesencephalic junction atlas to 
identify the anatomical location of the effective 
DBS electrodes [48]. Five patients responded to 
treatment. The mean coordinates of the active 
contacts in the responders were 3  mm lateral, 
3.5 mm posterior and 3.3 mm below the MCP. The 
study, however, did not find a statistically signifi-
cant difference between the responder and non- 
responder groups. The authors pointed out the 
limitation from the method used to localize the 
contacts, i.e. projection of AC-PC coordinates on 
atlases [48].

In a study of seven patients with medically 
refractory CCH treated with VTA-DBS surgery, 
probabilistic maps of activation around DBS con-
tacts were used to identify the optimal stimula-
tion site. These maps were correlated with 
outcome after 1 year of surgery. Detailed, state- 
of- the-art diffusion MRI was used to map-out the 
structural connectivity of the DBS target in six 
out of the seven patients who were deemed 
responders [58].

The responders’ average activation volume 
lay in the ventral tegmental area in the area 
between the red nucleus and the mammillotha-
lamic tract. The cluster predictive of improve-
ment in HAL lay in the superior, posterior and 
lateral portion of the group average activation 
volume (6 mm lateral, 2 mm posterior and 1 mm 
inferior to the MCP). The activation volume for 
the non-responder lay outside the efficacy cluster 
(Fig. 34.3) [58].

The group average probabilistic tractography 
streamlines, generated from individual respond-
ers DBS activation volume, are shown in 
Fig. 34.4. Anteriorly, the streamlines traverse the 
hypothalamus and then split into two pathways: 
an inferolateral pathway towards the mesial tem-
poral lobe and amygdalar complex, possibly via 
the amygdalofugal pathway, and an antero- 
superior pathway towards the prefrontal area via 
the anterior limb of the internal capsule. 
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Posteriorly, the streamlines run medial to the red 
nucleus towards the periaqueductal grey and then 
caudally through the pons and upper medulla in a 
dorso-lateral position towards the trigeminal tract 
and nuclei [58].

The difficulty in explaining the mechanism of 
action of DBS in CH is partly caused by the lack 
of a definitive understanding of the pathophysio-
logical process itself [59, 60]. Some authors sug-
gest that simple local blockade of the “posterior 
hypothalamic grey” or VTA activity is not a 
likely mechanism for improvement in headache. 
However, this does not explain the micro-lesion 
or “stun” effect some patients experience with 

complete abolition of attacks for a few days or 
even weeks following DBS lead implantation 
alone, suggesting disruption of pathological neu-
ral activity in the region [3, 15, 59]. Paradoxically, 
there is often a latency in achieving maximal 
DBS efficacy that has been seen across several 
studies, including our own. Increased threshold 
for cold pain at the site of the first trigeminal 
branch ipsilateral to the stimulated side in chroni-
cally stimulated patients could be caused by 
modulation of the anti-nociceptive system [61]; 
however, a generic anti-nociceptive effect does 
not explain why DBS is effective for the trigemi-
nal autonomic cephalalgias but not “atypical 
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facial pain” [15, 59, 60, 62]. DBS has been shown 
to modulate a complex network of pain- 
processing areas [51]. Stimulation induced local 
activation around the active DBS contact as well 
as distant activation in the ipsilateral thalamus, 
the somatosensory cortex and precuneus, the 
anterior cingulate cortex and the ipsilateral tri-
geminal nucleus and ganglion, coupled with 
deactivation in the middle temporal gyrus, poste-
rior cingulate cortex, inferior temporal gyrus 
bilaterally and contralateral anterior insula [51]. 
The activation in the trigeminal system however 
does not seem to provoke CH pain attacks or the 
typical sensations that commonly accompany tri-

geminal activation [51]. This connection between 
the posterior hypothalamus and the trigeminal 
system has been previously observed following 
injection of the neuropeptide orexin B into the 
“posterior hypothalamic region” of the rat which 
increased spontaneous activity in the caudal tri-
geminal nucleus (with discharges persisting for 
several minutes) and heightened responses in the 
nucleus to dural stimulation and noxious thermal 
stimulation of the face [63].

The connection between the trigeminal sys-
tem and the hypothalamus is crucial in integrat-
ing somatosensory and visceral information 
(e.g. innervation from cranial skin, intracranial 

Fig. 34.4 Group average probabilistic tractography streamlines (red-yellow) with group average DBS tissue activation 
volume (green). (From Akram et al. [58]. Reprinted with permission from Wolters Kluwer Health, Inc)
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blood vessels and meninges) with endocrine 
and autonomic responses [64]. Single-unit 
recording and antidromic microstimulation 
techniques in rats have established a direct two-
way connection between the posterior hypo-
thalamus and the spinal trigeminal nucleus 
through the THT [64].

Other brainstem nuclei have neurons that 
respond to noxious and innocuous somatosen-
sory and visceral stimulation [65–69]. These 
nuclei also give efferents to the hypothalamus, 
such as the parabrachial nuclei [70–72], nucleus 
of the solitary tract [73, 74], periaqueductal grey 
[75–78] and caudal ventrolateral medulla [79, 
80], suggesting that somatosensory signals reach 
the hypothalamus through several polysynaptic 
pathways [64].

This tractography study shows that the DBS 
activated area, posterior to the hypothalamus, in 
the ventral tegmentum lies on a tract that con-
nects the hypothalamus, prefrontal and mesial 
temporal regions anteriorly with brainstem areas 
in the proximity of the parabrachial nuclei, 
nucleus of the solitary tract and periaqueductal 
grey and ending in the region of the trigeminal 
nucleus and tract and the superior salivatory 
nucleus (SSN) (Figs. 34.4 and 34.5).

Although this finding does not explain the 
mechanism of action of DBS, it confirms the rel-
evance of the target site by means of its connec-
tions to anatomically relevant brainstem areas. 
One possibility is by exerting a top-down anti- 
nociceptive effect, whilst another possibility is by 
modulation of the trigeminal parasympathetic 

Corticospinal tracts

Medial lemniscus and
Trapezoid body

Medial longitudinal
fasciculus

Fourth ventricle

Abducens nerve (VI)

Corticospinal tracts

Spinal nucleus and
Tract V

Middle cerebellar
Peduncle

Trigeminal nerve (v)

Motor nucleus V

Main sensory nucleus V

Mesencephalic nucleus V

Superior cerebellar
peduncle

Motor nucleus VII

Superior salivatory
Nucleus VII
Solitary tract
nucleus VII

Abducens nucleus VI

Fig. 34.5 Illustration showing two cross-sections in the 
pons at the level of the trigeminal nerve, main sensory and 
mesencephalic trigeminal nuclei (top) and spinal trigemi-

nal nucleus and tract, superior salivatory nucleus and soli-
tary tract (bottom). (From Akram et  al. [58]. Reprinted 
with permission from Wolters Kluwer Health, Inc)
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reflex, commonly activated in primary headache 
disorders [81] and which is thought to mediate 
the cranial autonomic symptoms in CH [82]. This 
pathway can be triggered by hypodermic capsa-
icin injection in the first trigeminal nerve division 
area [83] as well as a variety of trigeminal noci-
ceptive triggers [60]. Nociceptive trigeminal acti-
vation, in the first division of the trigeminal 
nerve, is relayed into the spinal trigeminal 
nucleus and the C1/C2 dorsal horns (i.e. the 
trigemino- cervical complex or TCC) [84] which 
have a reflex connection to the SSN in the pons 
[85]. The output is then carried via the parasym-
pathetic pathway of the facial nerve, through the 
geniculate ganglion within the greater superficial 
petrosal nerve [86] to the sphenopalatine gan-
glion (SPG) [60, 87].

It must be noted, however, that the pain and 
the autonomic phenomenon can at times occur 
independently [23] especially in patients taking 
preventive medications, suggesting either ana-
tomically separate pathways albeit partly or dif-
ferent activation thresholds mediating these two 
features [5, 54, 87].
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Developing New Indications: 
Strategies and Hurdles 
to Discovery

Robert W. Bina and Jean-Philippe Langevin

 Developing New Indications

As we search for new indications and seek for 
answers to the perplexing problems of cognitive 
or behavioral circuitopathies with little objective 
criteria, we must look to our strengths to navigate 
the difficulties.

In reviewing the history of neurostimulation 
for essential tremor (ET) and Parkinson’s disease 
(PD), we can identify several reasons explaining 
the success of those neuromodulation applica-
tions. First, there is an objective measure of effi-
cacy directly linked to neurostimulation: when 
stimulated, tremor disappears and rigidity 
improves. Another critical piece in the success of 
neurostimulation for these movement disorders 
has been the existence of three clearly defined 
surgical targets. The serendipitous, curative effect 
of ligating the anterior choroidal artery gave us 
the initial anatomical location [1]. This informa-
tion was more precisely delineated by anatomic 
and surgical studies of these patients and more 

recently further refined by functional neuroimag-
ing studies.

One of the major challenges with several new 
possible indications, such as psychiatric disor-
ders, is that the definitions are largely clinical – 
the diseases are defined and differentiated by 
symptom clusters – and there are no clear objec-
tive imaging or metabolic criteria to diagnose 
them and differentiate them from each other [2]. 
In order to successfully approach these condi-
tions, we would need to redefine them in terms of 
“circuitopathies” and dysfunctional networks. 
We must look back to the development of our 
current indications with the use of emerging neu-
robiology, behavioral neuroscience, and technol-
ogy with a strong ethical leash to proceed into 
developing and expanding new indications.

When studying recent advances in neuromod-
ulation, three main strategies emerge in the iden-
tification of new targets: (1) translation of 
previous lesioning targets to neuromodulation, 
(2) network-based modeling of the condition, and 
(3) use of animal models to test specific targets.

 Translation of Lesioning Targets 
to Neuromodulation

 Movement Disorder

The use of deep brain stimulation (DBS) in 
Parkinson’s disease represents the first example 
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of translation of lesioning to neuromodulation. 
The first discovery that the tremor associated 
with Parkinson’s disease could be treated with a 
brain lesion came as the result of a serendipitous 
treatment of a patient who had concurrent aneu-
rysm and PD [1]. This single case led to a glut of 
lesional surgeries in PD patients. The targets for 
pallidotomy and for thalamotomy were identified 
and refined [3, 4]. Prior to the introduction of 
carbidopa-levodopa, thermal and radiation 
lesions were the mainstay of tremor therapy. 
After the dopaminergic medication treatments 
didn’t have the hoped-for longevity, returning to 
lesions to supplement medical therapy was an 
easy shift because the efficacy of lesioning was 
already established.

The introduction of adaptable, transferrable 
technology into medicine proved to be perfect 
soil for the fertilization of a new treatment [5]. 
Benabid et al. [6, 7] placed electrodes in the ven-
tralis intermedius (VIM) for patients with ET and 
PD with clinical results comparable to lesional 
procedures. High-frequency stimulation was 
used to predict the effects of lesion, and with the 
advent of cardiac pacemaker, it was possible to 
use the stimulation chronically instead of per-
forming the lesion.

The benefits of DBS have been illuminated 
since its introduction and will be briefly restated 
here – reversible, plastic, adaptable, and transfer-
able. These characteristics, along with the effi-
cacy of symptomatic control, have led to a 
resurrection of interest in the use of DBS to treat 
other brain circuitopathies. Two important strate-
gies to identify potential targets for focal neuro-
modulation include (1) translation of lesional 
target to DBS and (2) target selection driven by 
network-based model of the condition.

 Obsessive-Compulsive Disorder

Treating psychiatric disease with neurosurgery has 
a long history [8] which is mostly benign but has, at 
times, veered into ethical conundra [9–13]. 
Alleviating the suffering of patients with debilitat-
ing psychiatric symptoms has been the aim of 
largely well-intentioned surgeons through lobot-

omy, lesions of specific nuclei, or tractotomy [13]. 
Ballantine started a long cohort study lesioning the 
anterior capsule in patients with severe, intractable 
psychiatric symptoms and chronic pain [14]. The 
outcomes of this 198-patient cohort study from 
1962 to 1987 are informative for the development 
and solidification of new indications. The target was 
the same across all patients, regardless of symptom-
atic presentation. Schizophrenia and personality 
disorder patients remained largely intractable to sur-
gical therapy, but 18/32 (56%) of the patients diag-
nosed with obsessive-compulsive disorder as 
defined by the American Psychiatric Association’s 
(APA) Diagnostic and Statistical Manual III (DMS 
III) had clinically significant improvement.

In comparable studies of obsessive- compulsive 
disorder (OCD) patients refractory to standard 
therapies published by Mindus [15] for capsulot-
omy and by Jenike [16] and Baer [17] for cingu-
lotomy, outcomes were similar. 45% of 
capsulotomy patients had a 35% or greater symp-
tom reduction and 44% of the cingulotomy 
patients had a similar symptom outcome.

DBS of the bilateral anterior limbs of the 
internal capsule was reported as an effective 
treatment for refractory OCD by Nuttin and col-
leagues in 1999 [18] with a follow-up series in 
2003 [19]. The scientific and philosophical 
underpinnings of this study were borne out of the 
efficacy of DBS for movement disorders [19] and 
the lesional procedures performed for 
OCD. Patients were carefully selected and under-
went rigorous post-operative blinded symptom 
evaluation using standardized symptom scales 
including the Yale-Brown Obsessive Compulsive 
Scale (Y-BOCS), in cross-over stimulated and 
non-stimulated states. Although there were lim-
ited numbers of patients in the study (six total in 
the initial report and two more in a supplemental 
update), other reports have supported the findings 
and have further refined the target [20–22].

Other examples exist where the application of 
DBS derives from clinical experience with 
lesional treatment. For instance, Lipsman et  al. 
[23] reviewed a total of 17 case reports of AN 
patients treated with prefrontal leucotomy with 
unstandardized reporting of results; there was a 
trend toward clinical benefits in these disparate 
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cases. These lesional studies have guided the tar-
get nuclei for DBS trials for AN [23–25]. In addi-
tion, the application of lateral hypothalamic (LH) 
DBS for obesity was largely based on observa-
tion of weight loss in animals after LH lesioning 
[26].

 Developing Network-Based Models

 Major Depressive Disorder

Several studies have recently focused on the 
description of the networks implicated in spe-
cific conditions. Functional neuroimaging under 
symptomatic conditions has provided clinicians 
and researchers with specific targets for modula-
tion. For example, in AN patients exposed to 
high-calorie foods, fMRI indicates activation in 
a wide variety of limbic structures including the 
medial orbitofrontal cortex and anterior cingu-
late cortex. In PTSD patients exposed to war 
imagery, the amygdala is activated [27]. These 
fMRI findings are corroborated with fluorode-
oxyglucose (FDG) positron emission tomogra-
phy (PET) [28, 29]. The work on DBS for 
depression presents a clear example of target 
selection driven by network- based model. Based 
on PET findings, Mayberg et al. [30] proposed 
the involvement of Brodmann area 25 (BA-25) 
in patients who have tried and failed multiple 
medical therapies for major depressive disorder 
(MDD). BA-25, implicated in feelings of sad-
ness and sustained dysphoria, is located in the 
subgenual cingulate cortex and is hyperactive in 
MDD. Patients that respond to medical and other 
therapies for MDD show a reduction in PET 
activity of BA-25. This finding led to the hypoth-
esis supporting the 2005 publication by Mayberg 
and Lozano of their pilot work in which DBS 
electrodes were implanted into the subcallosal 
cingulate for patients with treatment refractory 
MDD [22]. Since BA-25 was active during 
symptomatic episodes and quiet in periods of 
improvement, it lent itself well as a DBS target. 
The results of that trial were heartening for the 
patients with the debilitating disease with reduc-
tion in depressive symptoms of at least 40% in 

four of the six patient cohorts. Unfortunately, a 
larger trial was stopped early as a result of the 
futility analysis [31]. Despite being disappoint-
ing, these results inspired investigators to further 
refine the area 25 target using diffusion tensor 
imaging (DTI) in conjunction with fMRI [32–
35]. These studies have demonstrated the utility 
of studying DTI data in relation to neurostimula-
tion outcomes to gain a network perspective of 
the therapy. For instance, patients with good out-
comes with DBS for depression had undergone 
stimulation at the convergence of the forceps 
minor and the cingulum bundle. These findings 
highlight the importance of considering the 
entire network when modulating a target.

 Animal Models to Test New Targets

Long have animal models provided significant 
insight into the neuroscience underlying human 
psychiatric and psychological disease [36, 37]. 
Animal models can serve as an in vivo confirma-
tion of a network-based concept. The success of 
DBS for movement disorders is due in part to the 
reproducible effects MTPT has on rodents [3, 4].

The neurocircuitry of addiction in rodents has 
been well-studied with clear evidence pointing to 
the nucleus accumbens core, the ventral tegmen-
tal area, and the mesolimbic pathway [34–43] as 
critical nodes in a diffuse network. The transla-
tion to humans is due to the high degree of evolu-
tionary conservation of reward circuitry in 
mammals. These animal models are the base on 
which human ablational studies in opiate addic-
tion [44–46] and neuromodulation studies for 
alcoholism [47–50] have been conducted. They 
also underlie ongoing trials in Germany and 
China [51].

Similar to reward circuitry, fear circuitry also 
has a high degree of fidelity among mammals 
[52, 53]. This evolutionary conservation has been 
instrumental in using rodent models of PTSD 
[54] to refine the ongoing investigations of neu-
romodulation by DBS in this disease [55–57]. 
DBS electrodes in the basolateral portion of the 
amygdala have reduced PTSD symptoms in two 
implanted patients [55] (unpublished data).
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Obesity researchers have also turned to animal 
models to study potential targets. These models 
have been used to study caloric intakes, weight 
loss, and physiological and biochemical hemo-
stasis while receiving DBS therapy [20, 21].

 Challenges to Innovation

Despite intense work in the field and the deploy-
ment of various robust strategies to identify new 
targets, the outcomes in human trials are mod-
est. The initial results of Mayberg and Lozano’s 
work [22, 58] were promising. Similarly, there 
has been great success in small trials of neuro-
modulation for OCD [59, 60], for alcoholism 
[47, 50], and for AN [25]. However, the disap-
pointing results of the BROADEN trial [31] 
have raised questions in regard to the value of 
smaller early feasibility trial. The cost associ-
ated with large trials is significant and the poten-
tial economic benefit has thus far remained 
questionable. Examination of the failure of the 
BROADEN trial should inform the design and 
reporting of future trials. First, as mentioned in 
the BROADEN report, the time frame for results 
may be limited in diseases which don’t have 
well-established patterns [61].The modulation 
of neural circuits may help restore proper infor-
mation processing quickly, but functional out-
comes may take longer to improve. For instance, 
a patient undergoing the fixation of an unstable 
spinal fracture may not demonstrate significant 
functional improvement immediately post-oper-
atively until significant time is allowed for neu-
ral recovery and physical therapy. Similarly, the 
time lag for improvement in cognitive dysfunc-
tion and psychiatric conditions is likely a func-
tion of the severity and the duration of the 
illness. Second, the programming of the device 
itself can pose a challenge to progress. Since 
there is not always direct feedback from the 
patient’s symptoms, it is unclear how to select 
the optimal parameters of stimulation. There is 
no direct indication that the programming 
parameters are optimally engaging the target 
neurocircuit. As a result, a lot of programming 
algorithms have relied on a trial and error 

 strategy where the device is programmed to sub-
jective improvement in certain dimensions (i.e., 
mood, anxiety level) and the effects are verified 
over time. This strategy is not as efficient as pro-
gramming performed optimally to a specific 
biomarker of target engagement with subse-
quent clinical follow-up.

The success of future clinical trials depends in 
large part on successfully navigating these obsta-
cles. A few emerging strategies may help move 
the field forward. In particular, the search for 
neural biomarker and the use of closed-loop DBS 
systems have shown some promises.

 New Strategies for Innovation

 The Necessity of Biomarkers

Looking at the strengths and successes of DBS 
for movement disorders can inform how to pro-
ceed in developing new indications for neuro-
modulation through DBS and other modalities in 
the future. The measurable, objective, symptom 
biomarker of tremor standardizes efficacy mea-
surements. The clear, concisely mapped brain 
motor network affected in movement disorders 
makes study and therapeutic hypotheses easy to 
test and easy to interpret. However, several con-
ditions lack overt marker of network engagement 
and clinical response.

For example, clinical improvement following 
the onset of neuromodulation in psychiatry takes 
a long time and does not follow a linear path. 
Neuromodulation may normalize the activity of 
the network, but the patients still need to change 
their behavior based on modified function to 
notice the improvement and then learn from this 
experience to alter future decisions. For instance, 
OCD patients undergoing DBS could only real-
ize the improvement if they attempt exposing 
themselves to their fear to see if the compulsion 
is still present. Psychometric scores are unlikely 
to improve until this internal work is performed. 
In addition, as more benign exposures are cleared, 
the patient is likely to attempt more substantial 
real-life exposures leading to temporary failures 
and worsening in the scores. In summary, after 
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the onset of successful network modulation, 
patients need psychotherapy to discover their 
new abilities and to learn strategies to handle new 
life challenges. This time of transformation is 
clinically volatile and the psychometric scores 
are unlikely to present an accurate perspective of 
future improvements. In this sense, accurate bio-
markers are necessary to confirm network 
engagement and help predict future outcome 
based on current network activity. The ideal bio-
marker would be one that tracks network activity 
in real time and correlates to symptomatic defi-
cits. This would be akin to following ongoing 
EMG activity in the paralyzed muscles of a spi-
nal cord injury patient undergoing a novel treat-
ment. Although clinically the patient would go 
through periods of relapse from exhaustion, fluc-
tuations in motivation, and exacerbation of medi-
cal conditions, the EMG could more accurately 
track the progressive increase in muscle fiber 
recruitment predicting gradual improvement over 
time.

Electrophysiological signals are a natural can-
didate for this type of biomarker in psychiatric 
conditions. Hypothetically, an electrophysiologi-
cal signal could monitor the frequency and inten-
sity of responses relevant to specific disorders: 
fear, avoidance, self-depreciation, drug craving, 
food craving, and cognitive performance. The 
existence of such biomarkers has been suggested 
in experiments studying fear responses in animal 
models. For example, preclinical studies using 
classical fear conditioning paradigms in animal 
models have reported the existence of recordable 
electrophysiological signals from the basolateral 
amygdala (BLA) that predict exposure to a 
reminder and subsequent fear response. During 
acquisition, the animal is presented with a posi-
tive conditioned stimulus (CS+), paired with a 
noxious stimulus such as a foot shock (the uncon-
ditioned stimulus, US) and a negative condi-
tioned stimulus (CS−) that remains unpaired. 
During testing, the animal is presented with CS+ 
and CS− without the US while LFPs are recorded 
from the BLA. Cats exposed to foot shock (US) 
show a sustained increase in BLA neuronal firing 
and synchrony that peaks 30–50 min after expo-
sure [53]. Rodents presented with CS+ showed 

an increase in the BLA local field potential (LFP) 
power in the low-gamma range (25–40 Hz) [62]. 
Stujenske et  al. [63] recorded LFPs from the 
BLA, the mPFC, and the vHPC after classical 
fear conditioning. The BLA recordings revealed 
a theta power increase at about 6 Hz following 
exposure to the aversive CS+ [63]. This theta 
power increase is a particularly robust electro-
physiological signal of fear state and it has been 
described in several other studies [64–67]. It is 
also possible to study specific oscillations from 
one nucleus in relation to the occurrence of 
another oscillation in a remote nucleus using 
phase-amplitude coupling analysis. When one 
nucleus is exerting influence on the activity of a 
remote nucleus, we theoretically find that high- 
frequency oscillations of the receiving nucleus 
align to the phase of slow oscillations of the influ-
encing nucleus (i.e., the phase of the slow oscilla-
tion from the influencing nucleus determines 
when the fast oscillation in the receiving nucleus 
will occur). In fear conditioning, it has been sug-
gested that the origin of the slow theta oscillation 
determines the ultimate behavioral response (fear 
vs. extinction). When the theta oscillation origi-
nates from the prefrontal cortex, the animal 
exhibits extinction, but when the theta originates 
from the BLA, a strong fear response is expected. 
As such, the theta power increase in the BLA and 
the associated theta-fast gamma coupling are 
described as the “neural signatures” of enhanced 
fear state [63] (i.e., hypervigilance).

Similarly, a putative biomarker has been iden-
tified in obesity. Mice exposed to different diets 
exhibit a significant increase in power in delta 
range field potentials prior to the consumption of 
high-fat diet but not prior to regular chow. 
Furthermore, stimulation triggered in response to 
the occurrence of this biomarker led to a reduc-
tion in hyperphagia in the mouse model [68].

These findings represent only examples of the 
existence of neural biomarkers underpinning 
symptomatic states. These types of critical neural 
signatures could be identified for each specific 
condition to track network engagement and dis-
ease fluctuations during the course of therapy. 
The introduction of new technologies that allow 
simultaneous recording and therapy for humans 
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with implanted devices will facilitate this quest 
for biomarkers.

 Deploying New Technologies: Virtual 
Reality and Closed-Loop DBS

Virtual reality (VR) can enrich the content and 
the specificity of neural recordings. In animals, 
VR has been used to expose rodents to controlled 
environmental cues linked to a treadmill activity 
while the animal’s head is fixated in a frame to 
permit whole cell neuronal recording (for review, 
Lee and Brecht [69]). These recordings have shed 
light on the neural mechanisms underlying the 
fluctuations in membrane potential of place cells 
as the animal goes through a place field [70]. In 
humans, VR has been used to study the effects of 
neuromodulation on spatial memory. Epilepsy 
patients undergoing depth electrode recordings 
are completing a task where they are asked to 
navigate to different locations in a virtual envi-
ronment. The patients were found to have 
improved performance with stimulation of the 
entorhinal cortex but not the hippocampus, at the 
time of the acquisition. The stimulation triggered 
theta-phase resetting which is thought to facili-
tate learning [71].

The emergence of closed-loop DBS systems 
can also help with the identification of neural bio-
markers. One such commercially available system 
is the responsive neurostimulation device (RNS, 
NeuroPace) used to modulate intractable epilepsy 
[72–74]. In those patients, the closed- loop RNS 
system detects pre-defined epileptiform discharges 
(i.e., the biomarker) and responds by emitting an 
electrical signal to abort upcoming seizures. The 
system also helps to track the severity of the illness 
over time by recording and compiling abnormal 
neural discharges on a monthly basis. The clini-
cian can then track the outcome of a treatment 
(medication or neuromodulation) by following the 
frequency and intensity of the epileptiform dis-
charges. A similar strategy could theoretically be 
employed in other conditions once specific bio-
markers are identified and shown to correlate with 
symptomatic events. One advantage of an implant-
able system is that the biomarker recordings can 

be collected live under laboratory symptom-pro-
voking conditions and also during real-life symp-
tomatic phases. For example, Aghajan et al. [75] 
recorded hippocampal activity in freely moving 
patients and demonstrated an increase in the power 
of theta oscillations during movement compared 
to immobility. In this instance, the theta power 
could be seen as a biomarker of movement. Other 
manufacturers are developing similar implants. 
For example, Medtronic is expected to release a 
revised version of the Activa PC + S with the capa-
bility of on-demand stimulation in response to 
specific detections. In theory, the device should 
allow investigators to record neural activity in 
patients who have previously undergone DBS 
implant and now need a pulse generator 
replacement.

These recordings might also lend much 
needed credence to the largely subjective disease 
severity scales. In particular, neural activity could 
be collected during the symptomatic episodes of 
the patient. In addition, the biomarkers could be 
tracked over time in relation to the clinical fluc-
tuations of the underlying condition.

 Conclusion

Neuromodulation is confronting the future and 
expansion of its own utility. The perfect storm of 
history, technology, and anatomy of movement 
disorders4 established the efficacy of the therapy, 
but the hoped-for broad applicability to brain cir-
cuit diseases remains shy. Despite using every 
available tool, results have been slow to material-
ize. The traditional approaches to neuromodula-
tion innovation have relied on the translation of 
lesioning targets and the development of disease 
models using a combination of functional neuro-
imaging data, network modeling, and confirma-
tion with animal models. Emerging approaches 
to innovation have, in part, focused on the identi-
fication of neural markers of disease states and 
the application of immersive technology in neu-
romodulation. As these strategies are deployed in 
a range of ailments, we will acquire the necessary 
data to challenge our current models of the condi-
tions and further our knowledge.
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With over three decades of experience in clinical 
applications of deep brain stimulation (DBS), 
three critical predictors of  successful out-
comes have emerged : precise stereotactic target-
ing of the stimulation target [1, 2], systematic 
stimulation titration [3], and selection of appro-
priate candidates [4, 5]. Therefore, significant 
effort should be focused on further refining these 
processes. This effort has been bolstered because 
recent investigations uncovered the mechanisms 
underlying DBS efficacy, specifically via the net-
work modulation framework. Initially, the “func-
tional lesion” hypothesis was proposed to explain 
the efficacy of DBS [6, 7] because high-frequency 
stimulation (HFS) decreased local neuronal firing 
rates [8, 9] and DBS-induced clinical effects 
were similar to lesioning and muscimol injec-
tions [10–12]. This effect is presumably medi-
ated by depolarization block, inactivation of 
voltage-dependent channels [13], functional 

deafferentation [8, 9], or synaptic inhibition [14]. 
However, DBS has both short- and long-term 
clinical effects that are not fully explained by a 
functional lesion; for example, stimulation- 
induced parkinsonian tremor arrest is immediate 
[15], while bradykinesia and gait improvement 
may take longer [16]. Similarly, phasic dystonic 
symptoms improve within hours to days, while 
tonic movements take a few months to improve 
[17–19]. Additionally, the functional lesion 
hypothesis does not explain DBS efficacy in both 
hypokinetic (rigidity and bradykinesia) and 
hyperkinetic (tremor, dystonia, or dyskinesia) 
movement disorders [20–22]. These observations 
have led us to believe that clinical improvement 
with DBS likely involves a combination of thera-
peutic mechanisms. In  addition to local effects, 
DBS modulates activity in distant but intercon-
nected brain regions (or brain networks), through 
the stimulation of axonal tracts within the field of 
stimulation [23]. Functional neuroimaging and 
direct neuronal recordings have allowed us to 
observe distinct local and network-level effects 
of DBS [24–26]. Diagnostic modalities like scalp 
electroencephalogram (EEG;[27, 28]), magneto-
encephalogram (MEG; [29]), transcranial mag-
netic stimulation [30], positron emission 
tomography (PET; [31]), and single positron 
emission tomography [32] have contributed 
toward the emerging evidence of network effects 
of DBS.
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Overall,  the network modulation framework 
represents a paradigm shift in our approach to 
patient care and research. In this chapter, we dis-
cuss three major implications of integrating this 
approach: (1) identification of therapeutic zones 
using tractography, (2) optimization of stimula-
tion parameters to address patient-specific net-
work dysfunction, and (3) improved patient 
selection based on markers for network dysfunc-
tion in addition to clinical phenotypes. These 
implications are discussed in separate sections 
and include the current progress being made, as 
well as potential future developments, in these 
three areas.

 Identification of Therapeutic Zones 
Using Tractography

It is generally accepted that precise stereotactic 
targeting is associated with excellent  surgical 
outcomes [1, 2, 33]. The most immediate appli-
cation for the network modulation framework 
involves the visualization of specific  brain net-
works for stereotactic targeting [34]. For this pur-
pose, diffusion tensor imaging (DTI), or 
tractography, is the most appropriate technique to 
non-invasively delineate the white matter tracts 
in the brain [35]. The tensor calculation is based 
on a voxel-wise analysis of degree and direction 
of restriction (or anisotropy) of water molecules 
in the extracellular matrix. The principal determi-
nant of this diffusion anisotropy is the laminar 
organization of cell membranes and myelin 
sheaths [36]. Typically, the anisotropy is higher 
in white matter (>0.2) than in gray matter (<0.2). 
The anatomical connections reconstructed by the 
propagation of calculated tensor across distant 
brain regions are commonly referred to as struc-
tural connectivity, in contrast with functional 
connectivity, which is derived from functional 
magnetic resonance imaging (fMRI; [35]). 
Structural connectivity has been shown to corre-
late well with the anatomy in the region of white 
matter tracts [37], but the interpretation of struc-
tural connectivity from regions of interests 
(ROIs) within gray matter is more complex. 
Overall, the large projection axons are still the 
major determinant of anisotropy within gray mat-

ter [36, 38]. Therefore, structural connectivity 
within gray matter represents the major afferent 
and efferent connections and is clinically relevant 
for (1) identifying gray matter nuclei with exten-
sive network connectivity (“nodes”) and (2) 
developing imaging biomarkers for surgical tar-
geting to modulate their activity with DBS.

The computation of the tensor can be per-
formed using either probabilistic or deterministic 
tractography. Probabilistic tractography methods 
estimate the probability of structural connectivity 
at each voxel and are better suited for investiga-
tions designed to gain mechanistic insights or 
discover novel pathways [39, 40]. From its initial 
implementation (Fiber Assignment by 
Continuous Tracking [FACT] algorithm;[41]) to 
the newer methods that take into consideration 
the problem of crossing fibers [42], deterministic 
tractography performs tracking based on the esti-
mation of the principal direction of eigenvector at 
each voxel. This approach is useful for clinical 
applications because of its ease of use, clinical 
approval, and integration with current stereotac-
tic targeting software [43]. Although higher-order 
tractography models (e.g., high angular resolu-
tion diffusion imaging [HARDI]) address some 
of the shortcomings of traditional DTI models 
[44], their implementation for clinical use is not 
yet established. The diffusion tensor (DT) model 
characterizes the orientation dependence of the 
diffusion probability density function (pdf) of the 
water molecules. An important limitation of the 
DT model is the Gaussian diffusion assumption, 
which implies that there can only be a single fiber 
population per voxel. At the resolution of DTI 
acquisitions, this is an important problem since 
many voxels have low anisotropy index due to 
non-Gaussian diffusion from multiple fibers 
crossing, branching, fanning, or in a bottleneck. 
Thus, tractography algorithms based on the DT 
model can follow false tracts due to diffusion 
profiles that are prolate or prematurely stop in 
regions of isotropic tensors. New higher- 
resolution acquisition techniques such as diffu-
sion spectrum imaging (DSI), HARDI, and 
Q-ball imaging (QBI) have been proposed to esti-
mate the orientation distribution function (ODF) 
of water molecules and overcome the limitations 
of the DT model. These algorithms deal with the 

V. Krishna et al.



513

non-Gaussian diffusion process and reconstruct 
spherical functions with potentially multiple 
maxima aligned with the underlying fiber popu-
lations. Overall, the availability of multi-core 
computers has ignited the quest for more 
advanced models of diffusivity to tackle the 
shortcomings of “classic” DT algorithms, espe-
cially in patients with  neurodegeneration or 
malignant white matter infiltration (e.g., glial 
neoplasms). The primary benefit of these non- 
parametric algorithms is their ability to model 
multiple fibers in each voxel, which is of para-
mount interest in neurosurgery and neuroscience 
in general. The approach developed by Yeh et al. 
proposes a solution for inappropriate fiber termi-
nation and partial volume problems by using an 
ODF-based index scaled with spin density infor-
mation [45]. In an  in vivo study, this group 
showed that the newly developed diffusion met-
ric, quantitative anisotropy (QA), had less noise, 
and the QA-aided tractography had better spatial 
resolution than the  fractional anisotropy [FA]-
aided or the  generalized fractional anisotropy 
[GFA]-aided tractography. In addition, this new 
non-parametric diffusion algorithm models the 
diffusivity of free water in each voxel, which can 
be removed to improve the signal in areas with 
partial volume effect (e.g., edema, neurodegen-
eration). Our group has recently demonstrated 
that a metric based on this approach, restricted 
diffusion imaging [46], outperformed conven-
tional tensor-based metrics like FA and MD in 
delineating long-term microstructural changes 
after focused ultrasound thalamotomy [47]. 
Among the various algorithms for deterministic 
tractography, the streamline algorithm has high 
specificity (low false-positive rate), making it 
particularly useful for stereotactic targeting [40].

Tractography markers for efficacious DBS 
stimulation are now being  investigated. For 
example, Klein et  al. compared the structural 
connectivity of therapeutic versus non- therapeutic 
ventral intermediate medial (VIM) DBS contacts 
using probabilistic tractography [48]; they con-
cluded that therapeutic DBS contacts had signifi-
cant cerebellar (dentate nucleus) and motor 
cortex  connectivity in contrast to the cerebellar 
(hemispheric) and premotor connectivity of the 
non-efficacious contacts. Similar conclusions 

have been drawn from studies in PD patients with 
subthalamic nucleus (STN) DBS, where the 
hyperdirect pathway is proposed to be the imag-
ing marker associated with efficacious stimula-
tion [49, 50].

Based on these  observations of tractography 
correlates of clinical outcomes, a tractography- 
based VIM targeting method was recently pub-
lished for tremor surgery [43, 51]. Currently, 
neurosurgeons rely on formulaic methods 
because the VIM nucleus is not visible on the 
conventional 1.5  T or 3  T magnetic resonance 
imaging (MRI; [52]). For this reason, improved 
visualization of this therapeutic target with trac-
tography has the potential to improve clinical 
outcomes. To maximize the anatomical accuracy 
of this method for clinical application, the scan 
acquisition and pre-processing steps were opti-
mized. In this method, the lateral and posterior 
borders of the VIM were first visualized by track-
ing the pyramidal tract (PT) and medial lemnis-
cus (ML) using streamline tractography 
(StealthViz, Medtronic Inc., Minneapolis, MN; 
Fig. 36.1).

These tracks are important to avoid PT- and 
ML-related side effects (contractions and motor 
paralysis and paresthesias and sensory deficits, 
respectively). In the next step, a VIM ROI was 
created in relation to the borders (at a safe dis-
tance of 3 mm each from the PT and ML). The 
size of the ROI was kept constant at 4 × 4 × 6 mm 
to match the dimensions of the human VIM.  If 
the VIM ROI overlapped with the anatomical 
VIM, it was structurally connected to the ipsilat-
eral motor cortex (M1) and both ipsilateral and 
contralateral cerebellum (specifically, the dentate 
nucleus). This method was found to be accurate 
for prospective stereotactic targeting of the VIM, 
and the short-term tremor control outcomes were 
satisfactory.

With increasing application of powerful pre-
clinical techniques like optogenetics, we will 
develop a better understanding of therapeutic net-
works of clinical interest that mediate therapeutic 
efficacy, as well as those that cause undesirable 
side effects [17, 53–57]. Translational applica-
tions of this research, coupled with the develop-
ment of electrode designs with current steering 
capabilities (i.e., the electrode design allows 
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directing the spread of electrical current in a par-
ticular direction), will be important to optimize 
outcomes and minimize stimulation-associated 
side effects. The next generation of implantable 
electrodes [58] incorporates multiple microelec-
trode contacts, rather than a few macroelectrode 
contacts, to increase the surface area for stimula-
tion delivery and potentially activate more neural 
elements in their proximity [59]. Although 
multiple- source current steering will help shape 
electrical fields to optimize benefits [60], it also 
poses a significant challenge for stimulation titra-
tion and programming. In the next section, we 
discuss the incorporation of network dynamics 
for efficient DBS titration.

 Optimization of Stimulation 
Parameters to Address Patient- 
Specific Network Dysfunction

The current understanding of DBS-mediated 
network modulation is derived from data col-
lected from post-processed scalp EEG [61–64] 
or invasive intracranial recordings [53, 65–69]. 
Recently, de Hemptinne and colleagues investi-

gated the network-level effects of STN DBS 
using electrocorticography from the motor cor-
tex [70, 71]. STN stimulation reduced the phase 
amplitude coupling between beta (13–30  Hz) 
and broadband gamma (50–200  Hz) oscilla-
tions in the primary motor cortex (M1). 
Crucially, this reduction in beta-broadband 
gamma coupling was concurrent with improve-
ment in Parkinsonian motor symptoms. These 
observations underscore the importance of 
incorporating the network-level effects of DBS 
in the design of a closed-loop system [72]. By 
individualizing therapy, this approach may 
allow for stimulation at lower amplitude or 
duration for better therapeutic effects, as well 
as prolonged battery life. Other approaches for 
closed-loop design include feedback from local 
neuronal signals [73, 74] or patients’ clinical 
state by measuring peripheral activity [17, 67, 
68, 75–84]. A closed-loop stimulation system 
will eventually emerge based on the overall fea-
sibility of designs (surgical risks associated 
with additional electrodes for measuring corti-
cal activity, technological challenges of incor-
porating the necessary computational power.) 
and clinical usefulness.

Fig. 36.1 The 
methodology for VIM 
nucleus targeting using 
DTI-based identification 
of the “safety” margins 
(PT and ML tracks). 
(From Krishna et al. 
[112]. Reprinted with 
permission from Oxford 
University Press)
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In addition to physiology, functional neuroim-
aging can also improve the understanding of net-
work integration of implanted DBS electrodes. 
Probabilistic tractography is ideal for this appli-
cation because it provides objective estimates of 
structural connectivity [35]. Based on the model-
ing of current spread in  vivo [85–87], realistic 
models of the volume of tissue activated (VTA) 
can be created and used as a seed for probabilistic 
tractography by fitting a Bayesian model of fiber 
distribution at each voxel [88]. The different pat-
terns of connectivity generated can be input into 
an automated pipeline to simulate different set-
tings and predict the likelihood of stimulation- 
related clinical efficacy and side effects in 
advance of stimulation titration (Fig. 36.2).

Our group has recently shown that a machine- 
learning classifier trained on the connectivity fin-
gerprint associated with each stimulation-induced 
acute clinical effect (ACE) was able to rank STN 
DBS contacts solely based on the associated con-
nections. The efficacious contact predicted by 
this algorithm matched with  the contact being 
stimulated in the long-term (1 year) [89]. Active 
investigations are underway to define the clinical 
correlates of structural connectivity for  clinical 
effects associated with acute and chronic stimula-
tion (Fig. 36.3). This approach, by itself, may not 
be sufficient for finer stimulation titration; there-
fore, a complementary line of research to investi-
gate stimulation-induced network modulation in 
real time is important.

fMRI is increasingly being used to define net-
work dysfunction in neurological and psychiatric 
disorders [90, 91], but patients with DBS implants 
cannot undergo 3 T MRI due to electrode heating 
safety concerns [92, 93]. Functional connectivity 
studies in DBS ON and OFF conditions in the 
1.5  T MRI environment provide initial insights 
into DBS-mediated network modulation [94, 95]; 
however, 3 T MRI remains the modality of choice 
for the non-invasive study of brain networks due 
to better image resolution than 1.5  T [96]. 
Although there have been several recent animal 
investigations delineating changes in functional 
connectivity under DBS ON and OFF conditions, 
human studies are strikingly lacking [97–99]. 
The first human safety study of 3 T MRI in PD 

patients with externalized bilateral DBS elec-
trodes was published by Phillips et  al. in 2006 
[24]. A more recent study confirmed the safety of 
3 T MRI with a fully implanted DBS system in 
the OFF condition [100]. More safety studies of 
3 T imaging in patients with an implanted DBS 
system are needed to discover the fMRI corre-
lates of various stimulation parameters. This 
transformative research may allow us to develop 
an objective fMRI-based feedback metric to opti-
mize stimulation parameters and potentially 
improve clinical outcomes. As we learn more 
about the network-based predictors of outcomes 
after DBS, we can extend this knowledge to 
inform patient selection, as discussed in the next 
section.

 Improved Patient Selection Based 
on Network Dynamics

Although the clinical effects of DBS are often 
dramatic, the consistency and durability of clini-
cal improvement remain variable [101, 102]. 
Among the predictors of outcomes, the selection 
of appropriate patients is most important [4]. For 
this reason, the possibility of patient selection 
with objective measures of network dynamics 
remains the most promising and potentially 
transformative application of the network modu-
lation framework.

Network dysfunction in neurodegenerative 
diseases presents with the development of patho-
logical rhythms due to loss of neurons, inade-
quate neurotransmitter modulation, etc. [103, 
104]. Similar evidence of network dysfunction is 
beginning to emerge for psychiatric disorders 
[62, 105]. Although abnormal connectivity has 
been investigated with conventional scalp EEG, 
more recent studies have acquired invasive neu-
ral recordings and functional neuroimaging, and 
these methods have played an increasing role in 
defining disorders [105, 106]. As discussed ear-
lier, the two imaging-based parameters of inter-
est are structural connectivity, reflecting direct 
axonal projections, and functional connectivity, 
as a surrogate of coordinated neuronal activity 
mediated by neural oscillations. Functional stud-

36 Imaging: Patient Selection, Targeting, and Outcome Biomarkers



516

24
 P

D
 p

at
ie

nt
s

pr
eo

pe
ra

tiv
e 

D
W

I

14
 P

D
 p

at
ie

nt
s

pr
eo

pe
ra

tiv
e 

D
W

I
(d

iff
er

en
t s

ca
nn

er
s)

E
le

ct
ro

de
s 

lo
ca

liz
at

io
n

on
 C

T

W
ho

le
-b

ra
in

pr
ob

ab
ili

st
ic

tr
ac

to
gr

ap
hy

• 
  F

or
m

at
 c

on
ve

rs
io

n
• 

  M
ot

io
n 

co
rr

ec
tio

n
• 

  S
ku

ll 
st

rip
pi

ng
• 

  M
as

ki
ng

• 
  R

eg
is

tr
at

io
n 

to
 T

1
• 

  W
ar

pi
ng

 to
 M

N
I

• 
  P

er
m

ut
at

io
n 

te
st

• 
  M

ul
tiv

ar
ia

te
m

od
el

in
g

• 
  S

ta
tis

tic
al

   
 c

om
pa

ris
on

• 
  P

re
pr

oc
es

si
ng

• 
  R

eg
is

tr
at

io
n 

to
 T

1 
(a

ffi
ne

)
• 

  W
ar

pi
ng

 to
 M

N
I s

pa
ce

Id
en

tif
ic

at
io

n 
of

co
rt

ic
al

 v
ox

el
s 

sp
ec

ifi
c

fo
r 

ea
ch

 d
om

ai
n

D
om

ai
ns

-s
pe

ci
fic

co
rt

ic
al

 m
ap

s

V
T

A
s 

us
in

g 
el

ec
tr

od
es

sp
ec

ifi
c 

im
pe

da
nc

es

S
V

M
 c

la
ss

ifi
er

 tr
ai

ni
ng

S
V

M
 c

la
ss

ifi
er

 v
al

id
at

io
n

S
V

M
 c

la
ss

ifi
er

 te
st

in
g

S
V

M
 c

la
ss

ifi
er

 te
st

in
g

C
on

st
ra

in
ed

 p
ro

ba
bi

lis
tic

tr
ac

to
gr

ap
hy

 to
 d

om
ai

n-
sp

ec
ifi

c 
co

rt
ic

al
 m

as
ks

G
au

ss
ia

n-
m

od
el

 fi
t c

lu
st

er
in

g
S

tr
ea

m
lin

es
 h

is
to

gr
am

s

S
V

M
 c

la
ss

if
ie

r 
tr

ai
n

in
g

 (
10

-f
ol

d
re

pe
at

ed
 c

ro
ss

-v
al

id
at

io
n 

w
ith

 1
00

pe
rm

ut
at

io
ns

)
A

C
E

 a
nd

 e
le

ct
ro

de
s

im
pe

da
nc

e 
re

co
rd

ed

E
le

ct
ro

de
s 

lo
ca

liz
at

io
n

on
 C

T

V
T

A
s 

cr
ea

tio
n 

us
in

g
el

ec
tr

od
es

 s
pe

ci
fic

im
pe

da
nc

es

V
T

A
s 

cr
ea

tio
n 

us
in

g
el

ec
tr

od
es

 s
pe

ci
fic

im
pe

da
nc

es

V
T

A
s 

cr
ea

tio
n 

us
in

g
el

ec
tr

od
es

 s
pe

ci
fic

im
pe

da
nc

es

W
ho

le
-b

ra
in

pr
ob

ab
ili

st
ic

tr
ac

to
gr

ap
hy

W
ho

le
-b

ra
in

pr
ob

ab
ili

st
ic

tr
ac

to
gr

ap
hy

P
re

di
ct

io
n 

of
 o

pt
im

al
 c

on
ta

ct
&

 th
er

ap
eu

tic
 w

in
do

w

G
au

ss
ia

n-
m

od
el

 fi
t c

lu
st

er
in

g

Fi
g.

 3
6.

2 
Il

lu
st

ra
tio

n 
of

 th
e 

au
to

m
at

ed
 m

ac
hi

ne
-l

ea
rn

in
g 

pi
pe

lin
e 

fo
r S

T
N

 D
B

S 
co

nt
ac

t s
el

ec
tio

n 
ba

se
d 

so
le

ly
 o

n 
co

nn
ec

tiv
ity

.(
Fr

om
 K

ri
sh

na
 e

t a
l. 

[8
9]

. R
ep

ri
nt

ed
 w

ith
 p

er
m

is
-

si
on

 f
ro

m
 J

oh
n 

W
ile

y 
an

d 
So

ns
)

V. Krishna et al.



517

ies, especially using 3 T MRI, will be an essen-
tial tool to non-invasively estimate network 
dynamics in the human brain [23, 65, 90, 97]. 
The blood oxygen level-dependent (BOLD) sig-
nals measured by functional MRI are also 
thought to correlate with local field potential 
activity [107]. In addition to the network dynam-
ics in resting state, transient perturbation of the 
network of interest with non-invasive approaches 
like transcranial magnetic stimulation, coupled 
with EEG or fMRI, can be investigated for 
potentially screening patients for invasive neuro-
modulation. Similarly, the stimulation capabili-
ties of low-frequency focused ultrasound could 
also be used to study network dynamics with 
transient therapeutic neuromodulation since this 
technology has the capability of targeting deep 
brain structures [108].

Although DTI has been primarily used to visu-
alize structural connectivity in the brain, a quanti-
tative assessment of water diffusion with FA and 
diffusivity (axial and radial) can be a marker of 
microstructural integrity and neuronal degenera-
tion [109]. The changes in diffusion metrics are 
disease- and network-specific; for example, in 
amyotrophic lateral sclerosis, the FA is signifi-
cantly lower in the internal capsule, peduncles, 
pons, and pyramids in comparison to controls 
[110]. Similarly, the FA changes in essential 
tremor are most pronounced in the dentate nucleus 
and superior cerebellar peduncles [111]. The 

eventual screening modality may involve a com-
bination of different estimates of both structural 
and functional network connectivity.

 Conclusion

DBS has been proven to be highly efficacious in 
Parkinson’s disease, essential tremor, dystonia, 
and obsessive-compulsive disorder. Recent evi-
dence demonstrates that the pathology of neural 
networks underlies many neurological and psy-
chiatric disorders and that restoration of these 
networks to a more “normal” state with DBS can 
improve clinical symptoms. It is increasingly 
clear that the stimulation of critical nodes within 
specific brain networks improves clinical symp-
toms without reversing the underlying pathology. 
This modulation of brain networks is mediated 
by axonal stimulation and resetting pathological 
oscillation. Integration of the network modula-
tion framework in DBS clinical practice has sig-
nificant implications for the field, such as in the 
identification of therapeutic zones with tractogra-
phy. Future investigations may begin by charac-
terizing the network dysfunction associated with 
a specific  symptom (or a symptom complex) 
within the overall clinical syndrome. The identi-
fication of specific network dysfunction  will 
then allow (a) a critical analysis of the potential 
therapeutic targets, (b) identification of titratable 

Left
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LH_044_6maLH_087_9aLH_068_8Ad

Right RH_131_TGd

RH_069_9m
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RH_008_4
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a b

Fig. 36.3 Summary of cortical voxels associated with 
efficacy. (a) Improvements in rigidity, bradykinesia, and 
tremor and side effects (b) sensory, motor, and visual. 

(From Krishna et al. [89]. Reprinted with permission from 
John Wiley and Sons)
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markers of network dysfunction for objective 
feedback, and, eventually, (c) discovery of the 
most efficient parameters for closed-loop 
stimulation.
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The Design of Clinical Studies 
for Neuromodulation

Wael F. Asaad, Peter M. Lauro, and Shane Lee

 Introduction

The more we understand about the electrophysi-
ology and circuits underlying neuropsychiatric 
disease, the greater the possibility that focal neu-
romodulation will be a viable therapeutic strat-
egy. Although the administration of drugs can 
certainly be a form of neuromodulation, we draw 
a distinction between chemically targeted and 
anatomically targeted forms of neural systems 
manipulation and will use the term “neuromodu-
lation” to refer here specifically to the latter.

Compared to the systemic delivery of drugs, 
anatomically based neuromodulation strategies 
are not limited by the existing distributions of 
molecular targets. While there may be disease 
entities that are strictly defined by a small num-
ber of reversible molecular derangements, there 

are others—stroke and traumatic brain or spine 
injury being the most notable—where the pathol-
ogy does not conform to existing cellular and 
molecular boundaries. Other diseases, such as 
epilepsy, may in some cases begin as a circum-
scribed molecular derangement, but additional 
circuits may be recruited over time in a manner 
that does not respect the boundaries of the incit-
ing pathologic entity [1, 2]. In such cases, a treat-
ment approach is required that addresses the 
resulting neural dysfunction in a manner that is 
tailored to the type and extent of circuit pathol-
ogy and that is not limited by the naturally occur-
ring distributions of molecular targets. 
Parenthetically, while new molecular targets 
might be introduced in an anatomically targeted 
manner for interaction with systemically admin-
istered medications (e.g., designer receptors for 
designer drugs), such a strategy would be subject 
to many of the considerations discussed here.

Of course, current neuromodulation strategies 
often require invasive techniques and, like sys-
temically administered medications, are likely to 
have limited specificity at the target as well as 
poorly defined, extended effects at adjacent, 
upstream, and downstream sites. Nevertheless, 
the promise of spatially targeted neuromodula-
tion techniques is ever-increasing anatomical and 
functional specificity beyond that provided by 
nature’s endowment of the brain with particular 
molecules in particular distributions.
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The process of designing and testing new neu-
romodulation strategies shares some features 
with the development of drug-based therapies, 
but a focus on neuromodulation also introduces 
novel factors into the process that may be chal-
lenges and/or opportunities. Here, we will exam-
ine the common and distinctive considerations of 
clinical studies that seek to investigate potential 
neuromodulatory approaches to nervous system 
dysfunction. While the primary hope of all such 
investigations is to establish the potential or 
actual clinical utility of a given interventional 
strategy, the reality is that such studies are more 
likely ultimately to fail than to succeed in achiev-
ing the primary therapeutic endpoint. With this in 
mind, the design of a clinical investigation must 
be optimized not only to maximize the probabil-
ity of success but also to learn as much from fail-
ure as from success, so that future endeavors are 
able to build solidly upon new knowledge in a 
step-wise and ultimately fruitful manner.

 Defining the Scope and Power 
of a Study

There have been relatively few sufficiently large- 
scale, prospective, double-blinded, controlled 
neuromodulation trials (Table 37.1). The expen-
sive nature of neuromodulation therapies—
whether due to the cost of implanted devices 
(e.g., deep brain stimulation systems), therapeu-
tic delivery systems (e.g., focused ultrasound), 
adjunct neuroimaging, or simply the neurosurgi-
cal procedures and related hospitalization—
undoubtedly raises the threshold for conducting 
these studies. Few are therefore willing to invest 
the time, effort, and funds required to conduct 
such trials without robustly convincing, smaller- 
scale, preliminary studies. Even studies that are 
designed ostensibly as feasibility and safety stud-
ies will often be evaluated on the basis of likely 
efficacy in order to justify the cost of proceeding 
to the next phase of trials, regardless of whether 
that justification is assessed by government, 
industry, academic, or philanthropic interests. 
Unfortunately, this tendency—to use underpow-
ered studies as a basis to move forward, or not, 
with larger, more definitive trials to assess clini-

cal efficacy—may in fact add more noise than 
signal to the process of identifying and pursuing 
potentially useful therapies. This is because neg-
ative results are potentially falsely negative due 
to the underpowered nature of the preliminary 
studies, but even positive results may be falsely 
positive depending on the number of conditions 
tested and the unknown, underlying proportion of 
truly effective treatment conditions.

As an example, suppose a DBS feasibility 
study were designed to assess the effects of 
high- vs. low-frequency stimulation at a particu-
lar target for intractable, debilitating obsessive-
compulsive disorder, and the endpoints 
evaluated were reduction of obsessions and/or 
compulsions. The study was calculated to have a 
positive predictive power of 0.8 and results were 
to be accepted as statistically significant at 
p < 0.05. Suppose further that the unknown, true 
effect of DBS at this target for this condition 
was that only low-frequency stimulation would 
be effective and only for obsessions but not 
compulsions. Therefore, the proportion of true-
positive effects in this trial would be 1/4. 
Overall, then, what is the likelihood the results 
of this trial would reflect the underlying reality? 
A true positive would be revealed in 80% of 
cases. However, because only one in four condi-
tions assessed was truly effective, a false posi-
tive would be detected in 14.3% of cases 
(resulting from the application of an alpha level 
of 0.05 to the three ineffective conditions). 
Therefore, combining the false- negative rate 
(20%) and the false-positive rate (14.3%) results 
in a trial that produces results that are mis-
aligned with reality with a probability approach-
ing 1/3 (less than the simple sum of 0.20 and 
0.143 because these events are not mutually 
exclusive, so some outcomes would overlap). 
This is, in essence, an extrapolation of the 
multiple- comparisons problem to clinical trials 
that cannot know in advance this so-called base- 
rate of true-positive effects across the tested 
conditions.

These concerns regarding the overall validity 
of a result are especially relevant in the case of 
early clinical studies that, although explicitly 
directed toward establishing only feasibility or 
safety, nevertheless will often include an efficacy 
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Table 37.1 A non-exhaustive list of major neuromodulation clinical trials enrolling at least 15 subjects, conducted in 
a prospective, randomized fashion. The last column, success, relates to successful achievement of the primary 
outcome

Name of study n Design Primary outcomes Success?
Movement disorders
Pallidal Deep-Brain 
Stimulation in Primary 
Generalized or Segmental 
Dystonia [3]

 40 All patients implanted with DBS 
in GPi, randomized to active or 
sham stimulation (no stimulation 
delivered) for 3 months, 
followed by 3–6 months of 
open-label treatment

Burke-Fahn-Marsden 
Dystonia Rating Scale 
change from baseline to 
3 months

Yes

STN-Stimulation Versus Best 
Medical Treatment in 
Advanced PD [4]

156 Unblinded 1:1 randomization to 
stimulation or best medical 
management

Parkinson’s Disease 
Questionnaire (PDQ-39, 
quality of life), Unified 
Parkinson’s Disease Rating 
Scale (UPDRS-III), baseline 
to 6 months

Yes

Subthalamic Nucleus Versus 
Globus Pallidus Bilateral 
Deep Brain Stimulation for 
Advanced Parkinson’s Disease 
(NSTAPS Study) [5]

128 Patients 1:1 randomized to STN 
vs. GPi DBS; patients and 
assessors blinded to target

Baseline to 12 months: AMC 
Linear Disability Score 
(ALDS), Reliable Change 
Index (RCI), MINI- 
International 
Neuropsychiatric Interview 
(MINI), UPDRS

No

A Comparison of Best 
Medical Therapy and Deep 
Brain Stimulation of 
Subthalamic Nucleus and 
Globus Pallidus for the 
Treatment of Parkinson’s 
Disease [6]

255 Patients 1:1 randomized to best 
medical therapy or DBS, DBS 
patients additionally 
randomized/split to GPi or STN; 
motor evaluation performed by 
blinded neurologists

Baseline to 6 months: Time 
spent in the “ON” state w/o 
dyskinesias (by motor 
diaries)

Yes

CSP #468 Phase II – A 
Comparison of Best Medical 
Therapy and Deep Brain 
Stimulation of Subthalamic 
Nucleus and Globus Pallidus 
for the Treatment of 
Parkinson’s Disease [7]

299 Patients 1:1 randomized to STN 
or GPi target; DBS neurologists 
blinded to target

Baseline to 24 months: 
change in UPDRS-III

No

ExAblate Transcranial MR 
Guided Focused Ultrasound 
for the Treatment of Essential 
Tremors [8]

 76 Patients 3:1 randomized to 
unilateral HIFU thalamotomy or 
sham procedure

Clinical Rating Scale for 
Tremor and the Quality of 
Life in Essential Tremor 
Questionnaire at 3 months 
post-op

Yes

Study of AAV-GAD Gene 
Transfer into the Subthalamic 
Nucleus for Parkinson’s 
Disease [9]

 45 Patients 1:1 randomized to sham 
surgery or AAV2-GAD 
infusions

UPDRS part III at 6 months 
post-op

Yes

Double-Blind, Multicenter, 
Sham Surgery Controlled 
Study of CERE-120 in 
Subjects with Idiopathic 
Parkinson’s Disease [10]

 51 Patients 1:1 randomized to 
AAV2-NRTN infusions or sham 
surgery

UPDRS part III at 15 months 
post-op

No

Randomized controlled trial of 
Intraputamenal Glial Cell 
Line-Derived Neurotrophic 
Factor Infusion in Parkinson 
Disease [11]

 34 Patients 1:1 randomized to glial 
cell line-derived neurotrophic 
factor or saline infusion

UPDRS part III at 6 months 
post-op

No

(continued)
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Table 37.1 (continued)

Name of study n Design Primary outcomes Success?
Psychiatric disorders
Subcallosal Cingulate Deep 
Brain Stimulation for 
Treatment-Resistant 
Depression: A Multisite, 
Randomized, Sham-
Controlled Trial [12]

 90 All patients implanted with DBS 
in bilateral subcallosal cingulate 
white matter, randomized to 
6 months of active (n = 60) or 
sham (n = 30) DBS, followed by 
6 months of open-label DBS

> = 40% reduction in 
depression severity from 
baseline

No

A Randomized Sham- 
Controlled Trial of Deep 
Brain Stimulation of the 
Ventral Capsule/Ventral 
Striatum for Chronic 
Treatment-Resistant 
Depression [13]

 30 All implanted in ventral capsule/
ventral striatum, 1:1 randomized 
to active versus sham DBS 
treatment in a blinded fashion 
for 16 weeks, then open-label 
phase

> = 50% improvement on 
Montgomery-Åsberg 
Depression Rating Scale 
from baseline at 16 weeks

No

STOC Study: Subthalamic 
Nucleus Stimulation in Severe 
Obsessive-Compulsive 
Disorder [14]

 17 Patients 1:1 randomized to 
ON-OFF or OFF-ON 
stimulation, 3 months each with 
a 1-month washout period in the 
middle, double-blind

Yale-Brown Obsessive 
Compulsive Scale at the end 
of two 3-month periods

Yes

Radiosurgical Treatment for 
Obsessive-Compulsive 
Disorder [15]

 16 Patients 1:1 randomized to 
gamma ventral capsulotomy or 
sham surgery. Patients blinded 
for 1 year post-op

Yale-Brown Obsessive 
Compulsive Scale at 1 year 
post-op

No

ADvance Trial: Deep Brain 
Stimulation of the Fornix for 
Early, Probable Alzheimer’s 
Disease [16]

 42 All implanted in fornix, 1:1 
randomized to active and sham 
stimulation for first 12 months, 
all patients active the following 
year

ADAS-Cog (Alzheimer’s 
Disease Assessment 
Scale-Cognitive Component), 
Clinical Dementia Rating 
Sum of Boxes, cerebral 
glucose metabolism 
measured with PET

No

Deep Brain Stimulation of the 
Nucleus Accumbens in 
Treatment-Refractory Patients 
with Obsessive-Compulsive 
Disorder [17]

 16 All patients implanted, 
stimulated for 8 months, 
1-month double-blind (2 weeks 
on stimulation, 2 weeks off 
stimulation)

Yale-Brown Obsessive 
Compulsive Scale at each 
2-week double-blind interval

Yes

Deep Brain Stimulation of the 
Ventral Anterior Limb of the 
Internal Capsule for 
Depression [18]

 25 All patients implanted, 16 
randomized to OFF then ON vs. 
ON then OFF (cross-over 
design, each phase lasting 
2–3 weeks)

>50% reduction in 
Hamilton-D 17-item scale

Yes

Epilepsy
A Randomized, Controlled 
Trial of Surgery for Temporal- 
Lobe Epilepsy [19]

 80 Patients 1:1 randomized to 
surgery or best medical therapy

Freedom from seizures that 
impair awareness of self and 
surroundings

Yes

RNS System Pivotal Trial: 
Responsive Neurostimulation 
for Epilepsy [20]

191 All patients implanted to 1 or 2 
foci; patients 1:1 randomized to 
active or sham stimulation 
1 month post-op; evaluated 
3 months later

Seizure frequency Yes

Radiosurgery Versus Open 
Surgery for Mesial Temporal 
Lobe Epilepsy: The 
Randomized, Controlled 
ROSE Trial [21]

 58 Patients 1:1 randomized to 
stereotactic radiosurgery or 
anterior temporal lobectomy; 
evaluating neurologists were 
blinded to procedure

Self-reporting of seizure 
frequency between 25 and 
36 months post-op

Yes
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endpoint. For that purpose, they typically have 
relatively low power and might explore a wider 
range of parameters and outcomes to assess the 
broader potential of a particular therapeutic strat-
egy. Despite their statistical and structural limita-
tions, these studies are often evaluated for a 
“signal” of benefit, and decisions to proceed with 
larger trials may hinge upon these early efficacy 
results even if that is explicitly not the main pur-
pose of those studies. Nevertheless, a clear under-
standing of the statistical limitations of these 

smaller, early-stage studies may suggest that the 
combined likelihood of false positives and false 
negatives is sufficiently high that putting too 
much emphasis on any result related to an under-
powered, over-explored endpoint may be not 
much more reliable than flipping a coin.

From a statistical perspective, therefore, limit-
ing the number of manipulations tested and the 
number of outcome measures assessed is desir-
able. However, in the field of neuromodulation, 
especially when applying electrical stimulation, 

Table 37.1 (continued)

Name of study n Design Primary outcomes Success?
A Multicenter, Prospective Pilot 
Study of Gamma Knife 
Radiosurgery for Mesial 
Temporal Lobe Epilepsy: 
Seizure Response, Adverse 
Events, and Verbal Memory [22]

 30 Patients 1:1 randomized to 20 or 
24Gy targeting the amygdala, 
hippocampus, and 
parahippocampal gyrus

Self-reporting of seizure 
frequency at 36 months 
post-op

Yes

SANTE: Stimulation of the 
Anterior Nucleus of the 
Thalamus for Epilepsy [23]

110 All implanted in anterior 
nucleus of thalamus, 1:1 
assigned to active or no 
stimulation for first 3 months, 
months 4–13 were unblinded

Reduction in monthly seizure 
rate after 3 months

Yes

Spine
Spinal Cord Stimulation 
versus Repeated Lumbosacral 
Spine Surgery for Chronic 
Pain: A Randomized, 
Controlled Trial [24]

 60 Patients 1:1 randomized to 
lumbosacral spine reoperation or 
spinal cord stim

> = 50% pain relief, patient 
satisfaction, reoperation at 
6 months

Yes

Spinal Cord Stimulation 
Versus Conventional Medical 
Management for Neuropathic 
Pain: A Multicentre 
Randomised Controlled Trial 
in Patients with Failed Back 
Surgery Syndrome [25]

100 Patients 1:1 randomized to 
spinal cord stim or conventional 
medical management (patients 
not blinded)

> = 50% leg pain relief at 
6 months

Yes

Comparison of 10-kHz 
High-Frequency and 
Traditional Low-Frequency 
Spinal Cord Stimulation for 
the Treatment of Chronic 
Back and Leg Pain [26]

198 Patients 1:1 randomized to 
conventional spinal cord stim 
(~50 Hz) or 10 kHz spinal cord 
stim

> = 50% back pain reduction, 
no stimulation-related 
neurological deficit at 
3 months

Yes

Intrathecal Baclofen for 
Severe Spinal Spasticity [27]

 20 Patients received 2x3-day 
alternating trials of saline or 
baclofen

Muscle tone with Ashworth 
score at end of baclofen 
3-day period

Yes

Stroke
Everest Trial: Epidural 
Electrical Stimulation for 
Stroke Rehabilitation [28]

164 Patients 2:1 randomized to 
implanted epidural motor cortex 
stimulation or control (no sham 
surgery); all patients underwent 
same schedule of rehabilitation; 
evaluating clinicians were 
blinded to treatment

Upper-extremity Fugl-Meyer 
(UEFM) and Arm Motor 
Ability Test (AMAT) at 
4 weeks post-rehabilitation

No
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this approach seems intuitively too restrictive: 
Given the large space of potential stimulation 
parameters and the complex, multi-dimensional 
nature of neuropsychiatric disease, selecting a 
small subset of protocols and outcomes may feel 
akin to blind spearfishing, whereas what we 
would like to do, ideally, is cast a wide net to dis-
cover a useful therapy.

Because ablation procedures have fewer 
degrees of freedom (i.e., no stimulation parame-
ters to adjust), these interventions may seem a 
simpler and potentially more powerful neuro-
modulation technique in the context of clinical 
trials and may serve to guide and constrain the 
later development of stimulation techniques that 
build upon those lesion results. Nevertheless, 
lesions cannot capture the full set of effects 
achievable with various stimulation protocols, so 
one might be misled by false negatives if relying 
exclusively on predicate lesion studies to attempt 
neurostimulation. Furthermore, lesions, like 
electrical stimulation, vary in anatomical speci-
ficity and reproducibility; post-hoc analyses 
assessing outcomes as a function of exact lesion 
size or position, for example, will therefore be 
subject to similar potential multiple-compari-
sons problems.

To limit the multiplicity of parameters related 
to the delivery and assessment of an investiga-
tional therapy, a neuromodulation study must be 
built upon a sound scientific premise. For exam-
ple, if a particular neuroanatomical pathway is 
hypothesized to mediate a specific dysfunction 
such that its modulation might mitigate a related 
symptom, computational analysis such as finite 
element modeling of electrical fields and neuro-
nal responses might yield a narrow set of stimu-
lation parameters to be tested in order to produce 
the desired circuit effect (e.g., CENTURY-S, 
NCT02881151; ADvance II, NCT03622905). 
This, of course, presumes that at least the type 
and direction of the desired neural response are 
understood. In other words, should the target or 
pathway be driven, inhibited, or recruited in 
some other manner to generate plasticity or 
release modulatory chemical factors? If this 
question cannot be answered with reasonable 
confidence, it may be a sign the planned study is 
premature.

One potentially interesting approach to sifting 
through the enormous space of potential neuro-
modulation protocols (e.g., electrical stimulation 
sites and patterns) is to include an exploratory 
phase within the trial design, during which the 
goal is to achieve some effect on a well-defined 
biomarker hypothesized to mediate the intended 
therapeutic effect. For example, if fronto-medial 
theta power is proposed to influence depression 
[29], a flexible trial design could be implemented 
in which stimulation is “tuned” to produce the 
desired modulation of theta in that region within 
each patient, and that empirically determined pat-
tern of stimulation is then delivered continuously 
in the next phase of the trial to assess efficacy. 
This sort of adaptive trial design, when conducted 
according to a rigorously pre-specified plan, may 
accelerate progress toward a useful neuromodu-
lation therapy [30].

 Clarifying the Therapeutic Model

All studies implicitly or explicitly propose a par-
ticular causal structure to underlie potential inter-
actions between variables, including the 
experimental manipulation, the outcome mea-
sures, and additional associated factors. While 
classical statistical methods were developed in a 
tradition devoid of causality, work over the last 
30 years has revealed the importance of design-
ing studies and conducting analyses within a 
sound framework of putative causal interactions 
to minimize bias [31]. Constructing an explicit 
causal diagram for the proposed therapeutic 
model may therefore provide useful clarity for 
the design of an appropriate study (Fig.  37.1). 
Such a diagram would lay bare the logic of the 
proposed investigation to facilitate a critical anal-
ysis of the plausibility of the scientific premise. 
Furthermore, this diagram would clearly identify 
mediating and confounding factors, such that the 
former might be used to derive secondary out-
come measures while the latter are addressed 
with appropriate controls in design or analysis.

To highlight the importance of the proposed 
causal model in experimental design, suppose a 
nonrandomized, prospective pilot study is 
 conducted to assess the effect of a novel 
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neurostimulation strategy for a particular neuro-
psychiatric condition. All patients undergo stimu-
lation and are followed so their outcomes can be 
compared to pre-operative baselines. Overall, a 
non- significant positive therapeutic trend is 
observed. To determine if there might be a sub-

group of responders, patients expressing a puta-
tive biomarker that is postulated to enable or 
mediate the therapeutic effect—perhaps a particu-
lar neural rhythm or metabolic neuroimaging 
alteration—undergo a subgroup analysis. In other 
words, this biomarker is hypothesized to be 

Proxy

Mediating
factor

Non-
confounding

factor

Behavioral
state

Manipulation

Off-Target
effect

Colliding
factor

Confounding
factor

Downstream
effect

Fig. 37.1 A causal diagram depicting the types of vari-
ables that may be present in any particular neuromodula-
tion trial design. A randomized trial, by assigning the 
experimental manipulation in a stochastic fashion that is 
not subject to any causal inputs other than the “flip of a 
coin,” in principle removes the possibility of confounding 
factors. Whether this is true in practice, of course, depends 
on the size of the studied population and the distributions 
of characteristics across groups; a happenstance cluster-
ing of particular features, such as age, gender, disease 
severity or subtype, etc., can undermine the randomiza-
tion. Mediating factors are causally related to the treat-
ment effect, whereas their proxies are related to that effect 
only insofar as they directly correspond to those mediat-
ing factors themselves; secondary outcomes reporting 
proxies of mediating factors are therefore valid only to the 
extent of that correspondence. Note that downstream 
effects can be used as proxies for the behavioral outcomes, 

subject to the same type of constraint. Colliding factors 
are present when a factor has multiple potential causes, 
and here are depicted as caused by both the manipulation 
and the assessed outcome (behavioral state). In nonran-
domized, observational studies, these are often mistaken 
for confounding factors, and post-hoc stratification of out-
comes by “controlling for” these factors can result in spu-
rious correlations between hypothesized treatment and 
effect [32]. Note that this sort of “collision” also occurs at 
the behavioral outcome, resulting from causal inputs via 
the manipulation and non-confounding factors. 
Stratification of outcomes to assess relationships among 
potentially relevant experimental variables can result in 
spurious correlations between the manipulation and these 
non-confounding factors, similar to the situation with col-
liding factors, because behavioral state is, here, techni-
cally a colliding factor as well
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caused by the therapy and itself to be the cause of 
the beneficial behavioral effect. However, sup-
pose instead that, while stimulation does indeed 
tend to increase the expression of this biomarker, 
patients who happen to show improvements (e.g., 
due to placebo effects or other study activities) 
will also tend to show this biomarker independent 
of stimulation. In other words, observation of this 
biomarker may result from stimulation and/or 
from behavioral change, so it is in fact a colliding 
factor rather than a mediating one (as per 
Fig. 37.1). In this post-hoc analysis, even though 
there may be no causal pathway from stimulation 
to behavioral outcome, spurious associations 
between these can nevertheless be observed: if the 
threshold biomarker level used to select the sub-
group is chosen such that either the stimulation or 
the behavioral response may be sufficient to cross 
it, a spurious negative correlation can be observed; 
if, however, the threshold is selected such that the 
combined (independent) influences of the stimu-
lation and behavioral response are more likely to 
produce a supra-threshold level, then a spurious 
positive correlation between stimulation and 
behavioral outcome can be observed. In each 
case, the false association is termed a collider bias 
and results from the application of a threshold that 
screens out a group of non-stimulated and non-
responding patients (in a manner analogous to 
Berkson’s paradox [33]) in the context of a “true” 
causal link between the biomarker and behavioral 
outcome that is inverted with respect to the pro-
posed therapeutic model.

This is but one of many possible examples that 
can demonstrate the variety of structural pitfalls 
related to designing and conducting clinical stud-
ies. Therefore, explicit elaboration of the pro-
posed therapeutic model underlying a given 
experimental design and rigorous validation of 
the hypothesized causal steps within that model 
will decrease the likelihood of inferential errors.

 Selecting Outcome Measures

The primary endpoint, or outcome measure, is 
ideally a thing of clear, undeniable value to qual-
ity and/or length of life. Unfortunately, there are 

relatively few real-world examples where end-
points are so simple, especially in the context of 
complex neuropsychiatric disease. For example, 
a new treatment that reduces a patient’s depres-
sion according to standard scales (e.g., MADRS 
or HAM-D) but fails to improve overall social 
and economic function could be regarded as a 
success or failure, depending on one’s viewpoint. 
Part of the confusion arises from the fact that 
those standard scales are, fundamentally, surro-
gate rather than true endpoints. A true primary 
endpoint would reflect what a patient desires 
from a therapy (leaving aside the thorny issues 
that arise when patients are unable to convey 
those desires or when they lack insight into their 
own needs). However, such desires will be het-
erogeneous and poorly quantifiable, so the use of 
surrogate measures is in fact the rule rather than 
the exception. In other words, our goal is to 
improve the lives of our patients, however they 
may imagine that improvement in the context of 
their illnesses (“I want to be able to do my wood-
working again”), but a clinical study must neces-
sarily homogenize individual variation through 
the selection or design of appropriate surrogate 
measures. In many domains, particular surro-
gates have, for better or worse, become accepted 
standards for assessing therapeutic success (e.g., 
UPDRS in Parkinson’s disease).

Despite the fact that surrogate endpoints are 
far more common than typically appreciated, 
there exists debate surrounding their proper use 
[34]. This debate is related to the use of surro-
gates for the final outcome measure (a surrogate 
for a surrogate, in the framework presented here) 
and typically arises from the misconception that 
a viable surrogate outcome is simply any out-
come that correlates well with the “true” outcome 
[35]. However, an ideal surrogate measure is one 
that fully predicts the effect of a treatment on the 
true outcome and may in fact deterministically 
mediate the effect of treatment on that outcome. 
In practice, there are many available analytical 
methods to assess the validity of a proposed sur-
rogate, each with particular strengths, weak-
nesses, and ideal application scenarios [36].

When secondary outcomes are fashioned in 
order to support the causal chain of a particular 
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therapeutic model, the informative value of a trial 
can be greatly enhanced [37]. If, for example, 
both the primary and mediating secondary out-
comes are met, the validity of a successful pri-
mary outcome is rendered more plausible. 
Conversely, when both primary and secondary 
outcomes are not achieved, one learns that either 
the therapeutic model is simply incorrect, or the 
model is correct but a failure to engage early 
mechanisms prevented the success of the primary 
outcome. Meanwhile, failed secondary outcomes 
with successful primary outcomes suggest the 
model is incorrect, or perhaps the primary out-
come’s success was spurious. Lastly, a failed pri-
mary outcome with successful mediating 
secondary outcomes suggests the therapeutic 
model may be incomplete or incorrect, or per-
haps the failed primary outcome represented a 
false negative. For those with experience writing 
computer code, this process is akin to debugging 
a function by reporting out the intermediate states 
of key variables as the code runs.

 Designing Appropriate Control 
Conditions

Unlike most drug trials, neuromodulation trials 
cannot simply administer a placebo to a control 
group. Rather, the “placebo” in the case of many 
surgical trials is typically some sort of sham pro-
cedure [38]. Neurosurgical neuromodulation 
presents the possibility of additional forms of 
control: The control condition could take the 
form of sham surgery in lesion and infusion 
studies, placebo delivery in infusion studies, or 
maintaining some group of implanted patients in 
a blinded, non-stimulated state in neurostimula-
tion studies. The latter can take the form of 
delayed- start or withdrawal protocols, or cross-
over designs.

Neurosurgical sham studies, in particular, are 
fraught with difficulties. Aside from the basic 
concern that some patients will undergo an inva-
sive procedure that cannot be expected to provide 
any benefit beyond a likely transient placebo 
effect, the threshold regarding what constitutes 
“too little” or “too much” in a sham procedure is 

difficult to determine. For example, in a lesion 
study, if a sham lesion involved inserting a radio- 
frequency or laser probe directly into the target 
structure, one could argue that a micro-lesion 
effect may persist and mimic to some degree the 
actual lesion, and therefore this is not a true con-
trol, but a partial treatment. Conversely, if the 
probe is not inserted fully to target, those control 
patients will have less of the transient effects of 
probe insertion at the target (e.g., due to edema) 
and so will not represent a true control that differs 
only in the actual creation of a lesion; any 
improvement observed in the treatment group, 
especially if transient, could therefore reflect 
these “insertion effects.”

The AAV2-GAD study [9, 39] to assess the 
efficacy of gene therapy delivered to the subtha-
lamic nucleus of patients with Parkinson’s dis-
ease is an example of a sham-controlled drug 
infusion study which engendered some dis-
agreement related to the limited extent of sham 
surgery employed. The control procedure 
involved a partial thickness burr hole without 
the insertion of the drug delivery catheter into 
the brain. This study was criticized for the lack 
of any possibility of a micro-lesion effect, which 
is commonly observed at this target in DBS sur-
gery. Much of the criticism arose from the fact 
that infusion studies, unlike lesion studies, have 
the opportunity to perform a more rigorous con-
trol procedure, in which all patients undergo 
catheter placement and infusion, but controls 
receive only vehicle. A difference in effect can 
therefore more cleanly be ascribed to the puta-
tively active compound. Practically speaking, 
however, it was almost certainly better from the 
perspective of fulfilling enrollment require-
ments to tell patients that, were they randomized 
to the control procedure, nothing would be 
inserted or infused into the brain; yet even this 
limited sham procedure might be regarded as 
too much by some patients [40].

More recently, the availability of focused 
ultrasound (FUS) may offer the potential for 
more acceptable sham procedures, as in the piv-
otal trial of FUS for essential tremor (ET) [8]. In 
that trial, no ultrasound energy was delivered to 
the control patients, who nevertheless underwent 
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a head-shave, targeting scans, and in-scanner 
physical testing. However, to the extent that 
patients might have understood that FUS creates 
immediate lesions and that thalamotomy should 
be associated with improvements in tremor, this 
sham procedure may not have been truly blinded 
given the strong precedents and expectations. 
The only variable being tested, really, was 
whether the FUS device can indeed produce a 
sufficiently accurate thalamotomy lesion, and at 
least some patients would likely have presumed 
there was enough evidence of this technical capa-
bility to run the trial in the first place.

From a regulatory perspective, this trial was 
sufficient to garner FDA approval for this method 
of treating medically intractable ET. From a clin-
ical perspective, however, the primary question 
patients now ask is whether FUS or DBS is the 
“better” treatment, however they define that term. 
To many in the field, given that FUS can produce 
focal lesions and given the knowledge that VIM 
thalamotomy is an effective lesion procedure for 
ET, the success of this trial in simply reducing 
tremor was not surprising or of primary interest. 
Rather, assessments of effect size and durability, 
as well as of related complications (e.g., dysar-
thria, ataxia, persistent paresthesias, etc.), as 
compared to other neurosurgical treatments, par-
ticularly DBS, were the main concerns. One 
might therefore argue that once the technical 
capabilities of the FUS device have been estab-
lished, given the known efficacy of thalamotomy 
for ET more generally, a sham-controlled trial of 
FUS thalamotomy was not likely to be very infor-
mative, and what was really needed was a com-
parison with other methods of surgically treating 
ET. In situations where the baseline efficacy of a 
particular lesion procedure remains uncertain 
(e.g., psychiatric disease, where randomized, 
sham-controlled lesion studies are rare and some-
times indeterminate [15]), this approach might 
have been more valuable. For ET, should a head- 
to- head trial of DBS vs. FUS have been per-
formed, and could it have been performed in a 
rigorous fashion to examine both the baseline 
efficacy of the new procedure and to compare it 
to the existing DBS option? Should FUS have 
been compared to other lesion procedures, rather 

than to a sham procedure or to DBS? Furthermore, 
practically speaking, who would pay for such a 
head-to-head comparison? In many ways, the 
executed trial was the simplest and cleanest, even 
though the most pressing clinical questions were 
not directly addressed. For now, meta-analyses of 
separate trials are the only available means of 
comparison [41].

The lesson here is that the “ideal” control may 
depend on one’s perspective. From an industry or 
commercial viewpoint, the simplest design to 
achieve regulatory approval is desirable. From a 
scientific standpoint, however, the comparison 
between treatment and control groups should 
inform clinically relevant decisions. These goals 
do not necessarily align in every case.

Neurostimulation trials may, in many 
respects, be the simplest to control. Many recent 
studies have employed the strategy of implant-
ing every subject and then comparing “OFF” to 
“ON” conditions, whether that is between sub-
jects (e.g., staggered start or withdrawal of 
active stimulation in one group) or within sub-
jects (cross-over design). Which of these meth-
ods to employ may depend on the type of benefit 
the stimulation is anticipated to provide. For 
example, if neurostimulation is expected to pro-
vide a simple symptomatic benefit (e.g., tremor 
reduction), a cross-over design may be ideal, 
because each patient serves as her/his own con-
trol (in addition to being able to compare ON 
and OFF conditions across patients); if there is a 
benefit, all patients can eventually be placed in 
the ON state once the trial is complete. 
Alternatively, if stimulation is predicted to pro-
vide a disease-modifying benefit, particularly 
one that may accumulate with time, then it may 
be worthwhile to follow patients for longer 
durations and avoid turning the system off once 
it has been turned on. In this case, a delayed 
start paradigm might be more optimal, because 
the group that is initially ON can continue to be 
monitored for cumulative effect on disease 
 progression over time (rather than have them 
ON then OFF then later back ON which could 
potentially start the accumulation process over 
again), as was done in the ADvance trial of for-
nix DBS for Alzheimer’s disease [16, 42].
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Any of these neurostimulation study designs 
assumes, for the sake of blinding, that the patients 
cannot distinguish the ON vs. OFF states. For 
this reason, it may be worthwhile including a for-
mal experiment in these studies in which patients 
are challenged in a two-alternative forced-choice 
paradigm to distinguish whether the stimulator is 
active or inactive at different settings. This could 
serve as an important guide to determine which 
settings are consistent with the goal of double- 
blinded ON vs. OFF assessments.

 Selecting Anatomical Targets

Identifying the optimal anatomical target(s) is a 
core problem in neuromodulation studies, and the 
factors involved in this decision are at least as 
diverse as the conditions to be treated. Here, gen-
eral principles that may be relevant across a broad 
range of studies are considered.

Ideally, there should be evidence of a causal 
link between activity in the target structure 
or pathway and disease manifestations. 
Nevertheless, co-variance of activity at the target 
and disease expression may be helpful when 
grounded in a well-supported circuit model; even 
if an area is downstream of those brain regions 
that directly cause symptom expression, there is 
the possibility of a retrograde influence of electri-
cal stimulation, for example. Whether retrograde, 
anterograde, or on-target stimulation is more 
effective or specific is likely to vary by target and 
disease.

In principle, a combination of these approaches 
(e.g., multi-site stimulation to affect multiple 
nodes in a targeted circuit) could augment effi-
cacy or specificity of a particular stimulation 
effect; one could imagine that specificity should 
be enhanced if a lower level of stimulation were 
applied to multiple nodes in a single network, 
such that local off-target effects would be 
reduced, but the effective perturbation applied to 
that system would nonetheless reflect an approxi-
mate sum of that applied to the individual sites. 
Lesions, of course, may be synergistic as well. 
For example, combined cingulotomy and subcau-
date tractotomy—the so-called limbic leukot-

omy—appeared to benefit OCD patients who had 
previously undergone only cingulotomy without 
significant improvement [43].

This notion that neuromodulation targets are 
properly networks rather than individual anatom-
ical sites has gained increasing attention and 
acceptance, especially within the realm of epi-
lepsy surgery [44–47]. While epilepsy may be 
somewhat an outlier in terms of the strength and 
coherence of the underlying neural activity, the 
premise that any behavior, be it normal or symp-
tomatic, arises from the concerted activity of a 
distributed set of connected neural structures is 
not controversial [48]. What is not known is 
whether addressing multiple nodes for neuro-
modulation will consistently improve therapeutic 
outcomes, or whether there are cases where sin-
gle targets are not only sufficient but perhaps 
optimal. In some cases, there may be a direct 
relationship between the complexity of disease 
manifestations and the corresponding size of the 
optimal target network. For example, most “func-
tional” neurosurgeons have probably wondered if 
combined STN and GPi DBS in Parkinson’s dis-
ease might provide synergistic benefits, given the 
incomplete overlap between the sets of therapeu-
tic benefits observed at each target [5, 49–51]. 
Perhaps this strong degree of therapeutic overlap 
itself is reflective of the monosynaptic relation-
ship between these target structures. A corollary 
of the idea that distributed neuromodulation may 
benefit multiple dimensions of a disease state 
may be that the span of benefit across dimensions 
is related to the network distance (number of syn-
apses) and strength of connectivity between tar-
geted sites.

The degrees of freedom that any particular 
neuroanatomical target affords—that is, the num-
ber of distinct dimensions of behavior that can be 
differentially modified—may be related to its 
place in the phylogenetic hierarchy. In other 
words, more complex behaviors evolved more 
recently and are likely mediated by more recently 
appearing structures. Thus brainstem stimulation 
of ascending neuromodulatory systems may 
function as a fairly simple gain control on certain 
aspects of arousal, attention, reinforcement, or 
decision thresholds [52–55], whereas cortical 
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stimulation would be expected to produce more 
complex effects on particular domains of behav-
ior. In fact, given the significant heterogeneity of 
responses seen in the cortex, especially areas 
such as the prefrontal cortex where single neu-
rons heterogeneously encode complicated mix-
tures of task-specific features [56], addressing the 
full space of information processing available at 
those sites is likely to require much more fine- 
scale control of specific cortical columns or lay-
ers than is currently possible, though there is 
certainly interest in developing that capability 
(e.g., by companies such as Neuralink and 
Kernel).

White matter targets provide a means to 
address a potentially wide area of cortex (or other 
connected structures) within a small volume. 
Ventral internal capsule lesions or stimulation is 
one example of this approach, in which the goal 
is to modify the functioning of the orbitofrontal 
cortex broadly in patients with intractable, debili-
tating obsessive-compulsive disorder [57]. Such 
a strategy, however, necessarily gives up hope of 
achieving precise behavioral effects with a high 
degree of specificity. Nonetheless, nonspecific 
effects over a broad domain of behavior may in 
fact be what are needed for therapeutic effect in 
some disease states. Conversely, the apparently 
limited cognitive sequelae of white matter 
lesions, particularly within the frontal lobes, can 
seem quite surprising. Cingulotomy, ventral cap-
sulotomy, and subcaudate tractotomy generally 
result in relatively subtle cognitive changes [58–
63] and may even improve performance in some 
cognitive domains [64]; these likely reflect the 
distributed complexity and plasticity of the fron-
tal lobes, as well as the potential ability of infor-
mation to be routed around the lesion (e.g., while 
a capsulotomy severs many subcortical orbito-
frontal connections, cortico-cortical connections 
are left intact). However, whether this serves as 
some simple gain control on the overall function 
of that region or instead is affecting some subtle 
aspect of its function in a general manner is 
unknown (e.g., in capsulotomy, does the orbito-
frontal cortex simply have less access to rein-
forcement mechanisms via the cortical-basal 

ganglia-thalamic-cortical loop, but it neverthe-
less retains the ability to process information 
from other cortical areas much as it had before?).

These considerations reveal that our ability to 
identify optimal neuroanatomical targets for neu-
romodulation in specific disorders is limited in 
large part by our rudimentary understanding of 
circuit-level disease mechanisms and a nascent 
understanding of normal systems-level function 
in the relevant brain areas. Even once a candidate 
target is identified, the manner in which its activ-
ity is to be modified poses yet another significant 
challenge. Is the goal to block activity to mimic 
lesion-type benefits? Is the goal to normalize 
rhythms that serve as “carrier” signals for effec-
tive neural processing? Is stimulation intended to 
“bridge” damaged or dysfunctional circuits, as in 
many brain-machine interface projects? What 
types of stimulation will achieve the desired neu-
ral effects? These questions, though beyond the 
scope of this discussion, are clearly central to the 
development of new neuromodulation therapies.

 Selecting Patients

Two factors are highly relevant to defining the 
most appropriate patient population for neuro-
modulation within a selected disease entity: 
included patients should represent a relatively 
prevalent and typical form of the disease, and 
those patients should represent a stage or mani-
festation of the disease that is amenable to 
modification, either symptomatically or patho-
physiologically. In addition, selection criteria 
should ideally be fairly straightforward to deploy, 
such that if the neuromodulation therapy were 
found to be effective, continued success in 
broader application would not be limited by lack 
of necessary tools to identify appropriate patients 
(e.g., ultra-high-field MRI, expensive and 
sparsely available molecular testing, etc.) or by 
complex patient selection protocols that yield a 
mismatch between the studied population and the 
actually utilized population.

In PD, for example, it is well-known that 
patients who are beyond a certain stage of disease 
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progression are ill-suited for DBS [65]; the motor 
benefits are unlikely to improve overall quality of 
life significantly because dementia and other 
non-motor factors have become the major prob-
lems, and DBS may even exacerbate dementia 
directly. So the extent to which the disease in 
such patients is “modifiable,” especially from the 
motor perspective, is limited. The “ADvance” 
trial of fornix DBS for Alzheimer’s disease was 
designed with the premise that earlier interven-
tion would lead to better outcomes, so patients 
with mild, “probable” Alzheimer’s dementia 
were recruited [16]. This study, however, included 
patients with early-onset dementia who were 
atypical of the overall disease state. Post-hoc 
analyses suggested these patients may have nega-
tively biased the DBS effect (though of course 
such post-hoc analyses are to be viewed with 
caution given the large number of potential com-
parisons that can be applied after-the-fact). The 
ensuing phase of that trial, therefore, raised the 
minimum age of entry to be better aligned with 
the typical Alzheimer’s population (ADvance II: 
NCT03622905).

Three major studies of DBS for depression 
have been conducted, one targeting the subcal-
losal cingulate [12], another targeting the ven-
tral striatum and ventral portion of the anterior 
limb of the internal capsule [13], and a third tar-
geting a similar region of the anterior limb of 
the internal capsule [18]. The former two trials 
failed to achieve overall efficacy endpoints, 
although there were individual cases where pos-
itive treatment effects were clearly evident (e.g., 
in which sudden re-emergence of symptoms 
was found to be related to an unappreciated 
depletion of the pulse generator battery). These 
failures are possibly attributable to incomplete 
specification of the anatomical target, which 
therefore varied by patient [66], as well as to 
suboptimal patient selection. Meanwhile, 
patients were enrolled based upon the diagnosis 
of depression according to guidelines in the 
Diagnostic and Statistical Manual (DSM), 
which applies a checklist of fungible diagnostic 
criteria, summing the number of checked items 
to surpass a somewhat arbitrary threshold. 

Therefore, patients with different constellations 
of symptoms may be assigned the same overall 
diagnostic label. Importantly, patients with 
depression are known to manifest symptoms in 
particular clusters that may have distinct neuro-
biological mechanisms [67]. Therefore, subtype 
heterogeneity may have confounded the results 
of these depression studies. This type of phe-
nomenon has been observed in OCD, where par-
ticular subtypes (e.g., “hoarders”) appear less 
likely to benefit from capsulotomy [68]. For 
these reasons, if subgroups are known to exist 
but there is no a priori hypothesis regarding 
which ones are likely to benefit, adequately 
powering the study for pre-specified sub- group 
analyses may be a worthwhile effort, or limiting 
the study to a particular subgroup might be 
considered.

The notion that DSM disease categories may 
be insufficient to capture distinct neuropathologi-
cal entities has led to the movement to character-
ize behavior according to traits that are potentially 
more fundamental as seen from a neural systems 
perspective. Specifically, the US National 
Institutes of Health “Research Domain Criteria” 
(RDoC) framework views behavior through the 
lens of six domains (positive valence, negative 
valence, cognitive systems, social processes, 
arousal/regulatory systems, and sensorimotor 
systems). Each domain contains constructs that 
focus on particular functions (e.g., sensitivity to 
reward and ability to use reward for learning, in 
the case of positive valence systems). Behavioral 
performance on a battery of tasks that assess 
these functions is hypothesized to be a more sen-
sitive and specific classifier of neuropsychologi-
cal function than traditional criteria [69]. While 
the particular tasks employed to assess these 
functions are not nearly as standardized or vali-
dated as common clinical tools (i.e., DSM cate-
gories, standard scales, and routine 
neuropsychological tests), the promise of this 
“first principles” approach to behavior is that 
neuropsychiatric disease might be defined 
according to underlying mechanisms, and this 
would certainly be more desirable for neuromod-
ulation trials.
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 Determining Frequency 
and Duration of Follow-Up

Neuromodulation studies, like all clinical trials, 
must balance a desire for frequent and long-term 
follow-up with practical considerations such as 
burden on patients, cost, and timely reporting of 
results. In many cases, patients will travel long 
distances to participate in these studies, and so 
the financial and logistical hurdles resulting from 
frequent, ongoing follow-up can be significant. 
Nevertheless, there is a clear need to maximize 
data collection to benefit the overall reliability of 
results.

Most neuromodulation studies include some 
set of behavioral assessments at pre-specified 
intervals. In light of the high variability of behav-
ioral performance even within subjects across 
sessions, days, and months, more frequent mea-
surement will serve to reduce noise. Because the 
power of a study is inversely related to the vari-
ability of the measurements, to the extent that 
more accurate assessments of individual subjects 
are obtainable (e.g., taken as the average over 
more frequent estimates), it may be possible to 
use this increased signal to noise as a means to 
counterbalance the number of subjects required 
for the study. There may in fact be an overall cost 
savings because additional assessments of 
patients who have already undergone an expen-
sive neuromodulation-related procedure are 
almost certainly less expensive than performing 
more procedures on additional patients, even if 
travel, housing, and other related expenses are 
required.

Because many neuromodulation therapies 
show gradual symptomatic responses, a sufficient 
duration of follow-up can be critical to the proper 
evaluation of a new approach. One prominent 
example of an inadequate duration to primary 
endpoint leading to apparent therapeutic failure 
is the SANTE trial of thalamic DBS for epilepsy 
[23]. Here, seizure reduction at the pre-specified 
3-month endpoint did not reach the threshold for 
success, so FDA approval was not immediately 
obtained. Nevertheless, clear improvements in 
seizure burden were observed at 6  months and 
beyond [70]. Eventually, based upon these 

extended data, regulatory approval was granted. 
Like epilepsy, dystonia and OCD are also known 
to exhibit gradually improving responses to neu-
romodulation with time [71, 72], so future trials 
are likely to benefit by keeping these examples in 
mind when scheduling final endpoints.

 Planning for Post-protocol  
Patient Care

Neurostimulation studies are distinct in that sub-
jects are implanted with complicated electronic 
devices that are often intended to be permanent. 
When a study ends, these devices nonetheless 
remain. These devices may require ongoing 
maintenance (replacement of implanted batteries, 
replacement or repair of wireless charging equip-
ment, etc.). If a study has succeeded and regula-
tory approval is granted, long-term care may not 
be a problem. More likely, however, when a study 
fails, the status of ongoing care for the device 
may become uncertain with respect to the respon-
sible parties and the cost.

While one might presume naively that a failed 
trial should not provide any reason to continue 
support for an ineffective device, patients often 
feel differently. In some cases, there truly are 
individual patients who are receiving benefit 
from the implanted device; in such cases, with-
drawal of device support after a patient has 
undergone the risks and troubles of having the 
device implanted and participating in the study 
could be viewed as unethical. Yet even if there is 
no clear evidence that a patient is receiving ben-
efit, many patients will perceive benefit—whether 
through the filter of a placebo effect or because 
they are truly experiencing something not cap-
tured in the study protocol—or they may at least 
continue to hold onto the hope of benefit. In these 
cases, many might conclude the most ethical 
course of action is to continue device support. 
Even warning patients during the consent process 
that if the study fails device support will not 
 continue may not be a sufficient means to avoid 
this ethical responsibility because, at the very 
least, there may in fact be a real individual 
benefit.
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Committing to and budgeting for long-term 
device support is therefore the best approach, 
whenever possible. Device manufacturers have 
been generally helpful in providing continued 
support after a failed trial. Insurance companies 
tend to be more heterogeneous in their willing-
ness to pay for related procedures, but often this 
is possible if a clinical team is sufficiently persis-
tent and able to work through the logistical hur-
dles. Depending on the extent to which this 
becomes a more widespread problem as the num-
ber of neuromodulation trials increases, perhaps 
competitors within academia and industry would 
be willing to work together to expand the field as 
a whole by creating a fund, fed by a tax on indi-
vidual trials, to support at least the medical costs 
incurred by ongoing device maintenance when 
other means to cover those costs (insurance or 
philanthropy) are unavailable.

 Conclusions

The advancement of neuromodulation will be 
driven by successful clinical studies. The success 
of these studies, however, does not hinge upon 
solely the achievement of the primary therapeutic 
goals, but rather derives equally from their ability 
to deliver confident answers to well-posed ques-
tions. We should realistically expect most trials to 
fail in achieving their predicted therapeutic out-
comes; if that were not the case, it would reflect a 
lack of ambition to overcome the most difficult 
and pressing problems faced by individuals with 
neuropsychiatric disease. Designing trials that 
are just as informative in failure as they are in 
success is necessary to ensure progress in the 
field as well as to justify the risks undertaken by 
the brave and pioneering patients who enroll in 
these studies.

Trials embarked upon too early, without suf-
ficient rationale, not only expose patients to 
potentially unnecessary risks but also threaten 
overall progress. Likewise, a well-reasoned neu-
romodulation strategy examined via a suboptimal 
study design may fail to reveal the truth of that 
strategy. Although interest in neuromodulation 
has expanded greatly as technological ability and 

neuroscientific knowledge have improved, there 
is nevertheless a finite set of resources, both in 
terms of economic and human capital, to apply 
toward sufficiently intensive and large-scale 
studies. Therefore, optimizing trial design by 
heeding the positive and negative lessons of those 
studies preceding is essential to realize the bright-
est future of neuromodulation.
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Registries and Big Data

Douglas Kondziolka

Stereotactic and functional neurosurgery is well 
suited for registry development. The field has a 
long history of surgical investigation and innova-
tion based on data collection and reporting. We 
translate the findings of neurobiology or tissue 
biology into real surgeries for patients to preserve 
or improve function. Surgeries are commonly 
guided precisely using mathematical principles 
and computer support. In our procedures, we col-
lect ample information that is clinical, imaging- 
based, neurophysiological, electrical, or physical. 
We have standardized scoring systems to mea-
sure disability, disease, and outcome. All of these 
elements are well suited to registry use. And due 
to standardization, many elements are already 
suited for automated uploading into data collec-
tion systems.

Big data is the use of large amounts of data 
collected for one purpose and used for another. In 
our own field, we are slowly getting to this use. 
However, for truly meaningful utility, the data 
sets need to be very big and the questions asked 
of this data focused and relevant. Using a national 
insurance sample of CPT codes is a frequent tool 
reflected in the scientific literature over the past 
decade or so. Meaningful? Sometimes. These 

samples can inform about demographics, some 
outcomes, length of stay, and other concerns. 
Perhaps one can glean why a hospital stay was 
longer, if the patient was coded to have had an 
infection. But the questions you may want to 
know from such data are often elusive. Was a sur-
gery more frequently performed simply due to 
surgeon preference or surgeon training? These 
databases are relatively easy to mine. Interestingly, 
it is uncommon that authors provide data from 
their own institution on a topic, which they have 
with high fidelity, to compare or benchmark with 
national data. If they care enough about the topic, 
why do they not share their own experience? 
Well, one answer is that takes much more work.

Optimally, we want to collect data elements 
that we value, collect a lot of it, and get it into big 
data range. The Society of Thoracic Surgeons 
(STS) has long had a large surgical registry. The 
American Board of Neurological Surgery 
(ABNS) has launched its POST system (Practice 
and Outcomes of Surgical Therapies) as part of 
the neurosurgeon credentialing and board certifi-
cation process. This system will collect a set 
number of cases and outcomes, with images, 
from newly practicing neurosurgeons, evaluated 
and audited by the ABNS. From approximately 
200 candidate neurosurgeons per year, up to 
30,000 cases will be collected annually. The data-
base will become the largest of its kind. The pur-
pose is to help the ABNS evaluate individual 
surgeons for board certification. The ABNS 
 represents the public and the specialty, and this 
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system works to understand practice dynamics, 
disease states, and complication rates. It will help 
the ABNS understand its own credentialing prac-
tices and help to improve them. It also makes ele-
ments of the oral examination more 
candidate-relevant and more efficient. This is the 
primary purpose of POST data. Although not its 
primary intent, the collected data could poten-
tially be used for as a “big data” resource. That 
might be to inform neurosurgical education and 
training and foster other investigations (e.g., what 
is the incidence of durotomy following lumbar 
disk herniation; how do surgeons actually man-
age chronic subdural hematomas; since images 
are collected, what percentage of resected menin-
giomas are small in volume (i.e., <3  cc); and 
what is the spectrum of time from diagnosis to 
deep brain stimulation surgery in patients with 
Parkinson’s disease?). These are big data 
questions.

 What Needs to Be Done

Registry development takes work. A lot of work, 
time, and expense. If done at your own institu-
tion, it will certainly take some form of informa-
tion sciences support. If built for multicenter use 
to allow faster and large collected data sets, it will 
likely need a corporate partner, funding agency, 
or other stakeholders. One might refer to this as 
“somebody else who cares.” The first stereotactic 
radiosurgery registry, designed for both local or 
global use, was developed by four neurosurgeons 
at the University of Pittsburgh (Kondziolka, 
Lunsford, Niranjan, Kano), with the input of cli-
nicians at other centers who shared their research 
databases and the support of software engineers 
at Elekta (Sunnyvale, CA) [1, 2]. A second radio-
surgery registry was developed by Brainlab 
(Munich, Germany) also working with clinicians 
[3]. Both were sought after by the NeuroPoint 
Alliance (NPA), on behalf of the American 
Association of Neurological Surgeons, to create a 
United States-based radiosurgery registry. 
Radiosurgery is an interesting field to study, 
because it involves so many different elements of 
neurosurgical practice  – benign and malignant 

tumors, vascular malformations, and functional 
disorders. The initial goal was to collect data on 
30,000 patients in 3  years, focusing only on 
tumors. This was not achieved. Institutional legal 
concerns about data sharing, software installation 
and training, and finding people at each site to 
“actually do the work” were just some compo-
nents of the delay. Eventually only data from the 
Brainlab Quentry system was used, despite the 
fact that the majority of cases in the first year 
came from our center at NYU using the Elekta 
system. Some but not all data fields had been 
matched. This is not to be critical. Brainlab is to 
be commended for their continued support of this 
important project. High-fidelity registry develop-
ment is labor intensive. But the pay-off can be 
great.

 Current Use of a Large Registry

As of this writing, we have over 3200 stereotactic 
radiosurgery cases in our prospective registry. 
This is not yet big data and probably not yet large 
data. But it is already powerful and growing. 
Table  38.1 shows NYU’s current use of this 
registry.

Physicians desire tools that allow them to col-
lect useful medical information efficiently and to 
use that information for a diverse set of tasks. 
These could include practice assessments, payor- 
required reporting requirements, data bench-
marking, and research [4, 5]. The perceived or 
measured quality of our practice will be based on 
the data that we document. Thus, it is increas-
ingly important that practices maintain their own 
databases that can be coupled with useful analyti-
cal tools. In some departments this may not be a 
priority because it can be inefficient and time 
consuming.

Registries in other medical specialties that 
have collected large amounts of data from multi-
ple institutions are known to have changed medi-
cal practice. For example, the groundbreaking 
findings on cardiovascular disease reported from 
the 5209 patients in the Framingham study 
50 years ago demonstrated the power of patient 
registries [6]. Despite these triumphs in an era 
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before the personal computer, the tool of the 
large-scale clinical registry in neurosurgery 
remained surprisingly underutilized until the last 
decade. Other fields have been quicker to adopt 
registry technology including cardiothoracic sur-
gery in the 1990s [7]. The developers of this reg-
istry identified six essential components, one of 
which is the use of a common language and 
nomenclature. We strongly agree with this assess-
ment and currently adopt the standardized 
nomenclature developed by the working group 
tasked with standardizing terminology at the 16th 
International Leksell Gamma Knife Society 
Meeting in Sydney, Australia [8]. We also recog-
nize the importance of support from a multina-
tional subspecialty organization such as 
endorsement of the National Adult Cardiac 
Database by the Society of Thoracic Surgeons 

[9]. We used our registry to contribute data to 
another registry project endorsed by both the 
American Society for Radiation Oncology 
(ASTRO) and the American Association of 
Neurological Surgeons (AANS).

Once fully developed and standardized, the 
incorporation of data specific to diseases and 
patients will allow us to study outcomes in new 
ways. How does an audiogram change after 
radiosurgery when one accounts for patient age, 
total radiosurgery dose, rate of radiation delivery, 
and tumor volume? How does the hormone 
receptor subtype of a breast cancer brain metasta-
sis correlate with the presence of peritumoral 
inflammation before radiosurgery and how this 
process improves or worsens after radiosurgery? 
If one collects all these data elements prospec-
tively, the questions can be answered in seconds. 
However, these are not obvious questions to ask 
using traditional data collection techniques, 
mainly because the high-level question was for-
mulated once some data was already collected 
(requiring the collection of more data that can 
take weeks or months). Our past and present lit-
erature broadly describes outcomes according to 
traditional clinical questions. New science using 
big data tools will allow us to probe data, ask new 
questions, and provide new discovery. Some 
examples already utilized in other fields of 
research include data mining, machine learning, 
geocoding, and new forms of graphic presenta-
tion [10–12].

 Challenges and Limitations

The maintenance and collection of good-quality 
data is challenging. Data fields were created that 
described the patients and their diseases, fol-
lowed the logical flow of a clinical visit, and 
defined clinical and imaging outcomes together 
with any related management. We used accepted 
definitions of disease parameters and validated 
rating scales. Some free text entry was necessary 
but avoided whenever possible due to the lack of 
standardization and of appropriate binning on the 
web-based display. The challenge was to collect 
comprehensive data that would eliminate the 

Table 38.1 Stereotactic radiosurgery registry at 
New York University

Function Description
Data Surgery 

entry
During each case at point of care

Follow-up During outpatient clinic or point 
of care, or when notified

Patient information Used during clinic appointments 
for past care information – 
better/faster than electronic 
health record

Patient teaching Live outcomes data shown to 
patients in the office

Research Data fields mined/spreadsheets 
populated for multicenter 
projects
Analytics as requested (same 
day) for any question

Research topic Analytics to assess how much 
data has been collected for a 
specific proposed topic

Research graphics Selected automatic statistics 
built (Kaplan-Meier curves)
Standardized display for pre- 
and post-data in grading systems

Hospital 
administration

Case numbers, geocoded 
demographics, and referral 
patterns

Auditing Performed by staff and students. 
Missing data elements checked 
biannually and entered from 
medical records

Support NYU information sciences
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need to use a separate clinical chart and yet not 
collect so many fields as to make the data entry 
process overwhelming and laborious. We aimed 
for data entry at the point of care to improve 
recording accuracy and were disciplined enough 
to achieve this in the vast majority of cases at all 
centers.

The lessons learned from developing this 
database highlighted that quality control is essen-
tial. During the test phase of the first 300 patients, 
clinical data were entered by only one person to 
test consistency and system reliability. 
Demographic data were entered by an adminis-
trative assistant and then checked by the surgeon. 
Nevertheless, errors occurred. Errors at data 
entry (via entering an incorrect decimal point or 
choosing the wrong selection on a scroll-down 
menu) were corrected by a separate review prior 
to saving the record. For both local and shared 
use, auditing of data will be paramount. For mul-
ticenter studies, proof of data fidelity by evaluat-
ing a subset of records against another archive 
(i.e., hospital EMR) should be part of study 
design and considered when budgeting time and 
resources.

Another challenge associated with prospec-
tive registries is ensuring the security of protected 
health information. Security features have been 
incorporated into our system to allow a specific 
set of privileges for each user. This could prevent 
errors from less experienced users. These include 
a “read-only” setting that allows the users the 
ability to view data but not to enter or change a 
record, a “standard user” setting allowing the cre-
ation and editing of the patient record, and data-
base administrators who have the ability to create 
new users and edit privileges. All centers and 
individual users must meet the regulatory require-
ments of institutional and national agencies [13]. 
As this pertains to data sharing, it is important to 
know that protected health information, even 
when de-identified, is not allowed by all coun-
tries. One must check this and not assume that 
participation will be easy. This will be one obsta-
cle to participation in large-scale studies, which 
could affect outcomes based on disease or cul-
tural differences related to management and 
follow-up.

 Potential Obstacles and Regulatory 
Considerations

Once ready for productive use, the maintenance 
of such a registry is almost as challenging as the 
inception. Constant periodic reviews by data 
stewards are key to ensure the data, at its core, are 
pristine. When an academic institution decides to 
undertake such an initiative, it is important that 
clinicians and information technology personnel 
are constantly collaborating so that the data are 
not only useful but also underline the proper poli-
cies, procedures, and compliance.

Asher et  al. describe the regulatory issues 
important in the creation and use of large-scale 
registries for local or national use [13]. There are 
several surgical quality of care registries, includ-
ing those maintained by the American College of 
Surgeons and the Society of Thoracic Surgeons. 
The National Neurosurgery Quality and 
Outcomes Database (N2QOD) was launched 
with an initial focus on spinal surgery. As 
described in their report, the new overlap between 
human subjects, research, and quality improve-
ment efforts has strong implications on registry 
design [4].

In the current iteration, the registry we 
designed for stereotactic radiosurgery is what I 
describe as “research grade” [2]. We hoped to 
collect almost all important data elements for any 
project and limit the external work required from 
the electronic medical record or other sources. 
Research is therefore under the rubric of human 
subjects research. Patient privacy and data con-
trol fall under the supervision of an institution’s 
local IRB.  The ability to obtain a waiver of 
informed consent is key to maximizing data col-
lection and reducing bias, since those who are 
willing to provide consent often comprise a 
unique, highly motivated patient population. 
Each center’s IRB will have to decide if the reg-
istry is simply a quality improvement project and 
IRB review can be waived, or a research study 
requiring either informed consent or a consent 
waiver. Dokholyan et al. review the issues when 
clinical and administrative databases are con-
joined [14]. Clearly data collection poses no 
direct physical risk to individual patients. HIPAA 
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compliance and patient protections already in 
place for clinical care or research must be fol-
lowed regardless. The N2QOD clearly describes 
its activities as “not primarily intended to serve as 
a research initiative” and that the primary pur-
pose of participation is “for health care opera-
tions, defined by HIPAA to include quality 
assessment and improvement activities, includ-
ing outcomes evaluations” [13]. Registry devel-
opers and users would value additional clarity on 
this topic from federal legislators.

 National Data Sampling

Utilizing national or statewide databases for neu-
rosurgical research has become popular. With the 
data already organized, digitized, and available, 
access to such data and time for analysis is low 
cost and, if you know how to find it, efficient. 
Databases that are based on pragmatic, real- 
world care are able to describe a particular topic 
in areas such as demographics, treatments, com-
plications, outcomes, and economic indicators 
(typically charges as opposed to costs). 
Geographic and socioeconomic variation in dis-
ease and care patterns can also be studied. And 
these data sets can be large, making them more 
suited to statistical evaluations [15].

However, a major concern is the reporting of 
research using ready-made databases that were 
not designed by neurosurgeons for the study of 
neurosurgical diseases. In many instances, these 
were not even designed for research [15]. Within 
neurosurgery, warnings have been offered via 
editorials and articles [16–19]. Kestle identified a 
number of major limitations, such as the data 
source, coding issues, linkages, confounders, 
definitions, and data validation [16].

One of the most serious weaknesses is data 
integrity. Investigators at the University of 
Calgary compared chart documentation and 
administrative data for patients who underwent 
carotid endarterectomy [20]. They reviewed 2061 
charts and found that only 43% were well docu-
mented, and furthermore, poorly documented 
hospital charts directly translated into invalid 
administrative data. Another group of investiga-

tors compared readmission rates from the 
University HealthSystem Consortium (UHC, 
recently renamed Vizient) to their prospectively 
maintained department database in order to deter-
mine if all coded readmissions should be consid-
ered a clinically relevant readmission for the 
purposes of quality reporting [21]. Based on their 
review, they recommended exclusion of 25% of 
the UHC-designated readmissions cases due to 
clinical irrelevance (i.e., rescheduled or staged 
procedures, unrelated to the index procedure).

Bohl et al. and Lawson et al. undertook com-
parisons of two large databases (NIS vs. NSQIP 
and CMS claims vs. NSQIP, respectively) and 
found different rates of coded events and low pos-
itive predictive values between the two data sets 
[22, 23]. Other reported database inaccuracies for 
neurosurgical diseases or procedures are tethered 
cord release surgery coding, indications for lum-
bar fusion, complications in lumbar diskectomies, 
classification of spinal column and spinal cord 
injury, and coding of the presence and degree of 
obesity in spine surgery patients [15]. Some data 
elements are captured accurately, such as patient 
death. However many others remain problematic. 
And of course, for surgery, why someone has a 
procedure is rarely ever included. So while big 
databases may be able to provide precise results, 
such results may be inaccurate [24].

If you were conducting a retrospective review 
at your own institution, you would be highly 
focused on the decision of which data points to 
collect, the actual data gathering, and concomi-
tant quality control (i.e., data integrity). These are 
time consuming. Interestingly, most authors do 
not include data from their own center as a com-
parison. For example, only three of the publica-
tions reviewed by Oravec et  al. included 
comparative data from either the primary or 
senior author’s own institution, including the 
studies by Woodworth et al. and Amin et al. noted 
earlier, as well as one other publication that com-
pared institutional data with data from the 
Nationwide Inpatient Sample in order to validate 
a novel subarachnoid scoring system [15, 21, 25]. 
In other words, most investigators that used 
external data did not try to answer the same ques-
tion with internal data.
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With big database research, the hypothesis can 
only stem from what data is available. Using 
national or state databases, neurosurgical 
researchers are forced to ask questions that have 
debatable relevance or interest to other neurosur-
geons. Often follow-up outcomes are short term. 
In general, the captured fields may be better 
suited to answer more superficial questions 
regarding quality, insurance payments, complica-
tions, or outcomes, but are unable to take into 
account the specific details of a neurosurgical 
procedure, that are most relevant to surgeons and 
readers. Thus, efforts to create meaningful regis-
tries must focus on the specific data fields to be 
collected. They should be as comprehensive as 
possible, but at the same time not too burden-
some to preclude data collection.

In the last decade, our journals have published 
increasing numbers of articles from big external 
database analyses. Reports are sometimes con-
sidered to be accepted as authoritative and accu-
rate. They can be statistically powerful, but are 
they meaningful? We as surgeons know what we 
want to know. We are also wary of conclusions 
that stem from data with missing information ele-
ments. This has led some to use the quote “gar-
bage in, gospel out,” first coined in the field of 
computing science as a warning to avoid blindly 
believing an outcome when the collected data 
was questionable [26].

 The Future

The value of registries, while still underutilized 
and in development in neurosurgery, remains 
largely unproven. Although we are committed to 
the value of data collection for our own analyses 
and research, we remain concerned that outside 
entities (i.e., payors) may use registries for pay-
ment approval or denial. Already we are aware of 
some intermediaries who may refuse to pay for 
patients not entered into “approved registries.” 
Who will approve and fund a big data registry? 
Will this be a national organization, a govern-
ment office, or some other group? Will a new reg-
istry “industry” be created, similar to that 
associated with the electronic medical record? 

Clearly the initial purpose, design, and imple-
mentation of any registry require careful thought, 
planning, execution, and oversight.

Text from the electronic medical record 
could be used to auto-populate some fields, but 
this will likely require change in the way text is 
entered primarily so that it could be understood 
and sorted. Second, three-dimensional patient 
treatment images in a format that can be seam-
lessly integrated into a hospital’s diagnostic 
imaging software (DICOM or DICOM-RT) 
should be acquired for archival and analytic 
purposes. We need tools that fuse images from 
planning and follow-up, measure target 
response in an automated or assisted fashion, 
and then record it. Third, we need sophisticated 
analytical tools to probe registry data in differ-
ent ways using numerical or textual filters. 
Randomly selecting data from within a registry 
is one tool to reduce bias. Natural language 
processors could also work within this registry 
to suggest clinical follow- up or create predic-
tive analytics on an individual case, based on 
interrogation of the entire data set. The future 
of big data research in medicine will rely on the 
integration of new database technology that can 
pool data from various sources, provide rapidly 
accessible analytics, and provide efficient 
mechanisms for data validation and mainte-
nance of quality.
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3-dimensional space, 136
XNAT system, 132

Closed-loop DBS, 110, 150, 262, 439, 502, 504
Closed-loop spinal cord stimulators, 176, 512
Cloud-based archive legal entity, 136
Cluster headache (CH)

anti-nociceptive effect, 492
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DBS programming, 486
diagnostic criteria, 483, 484
geniculate ganglion, 493
group average probabilistic tractography  

streamlines, 489–491
hypothalamic grey, 489
hypothalamus, 491, 492
improvements, 487, 488
medically refractory CCH, 489
neuromodulation, 484
nociceptive trigeminal activation, 493
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outcome measurement, 486, 487
pathophysiology, 484
patient selection, 485
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preventive medications, 493
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surgical procedure, 486
trigeminal system, 491, 492
VTA, 484, 485
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Cognitive behavioral therapy (CBT), 432, 444
Combining stereo-EEG (sEEG), 223
Complex regional pain syndrome (CRPS), 176, 177
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Computed tomography (CT)

intraoperative, 29
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CereTom/BodyTom (Samsung), 29–31
DBS surgery workflow, 32
implications, 33, 34
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quantitative analysis, 32
stereotactic accuracy, 33

Conformality, in LINAC machine, 245, 246
Congress of Neurological Surgeons (CNS), 468
Continuous wavelet transform algorithms, 99
Conventional radiation biology, 236, 237
Conventional stereotactic frame fiducial box, 16
Cordotomy

complications, 474, 475
indications, 472
intraoperative imaging techniques, 472
mechanical sectioning, 471
medically refractory pain, 471
pain improvements, 472
pain intensity, 471
post-procedure, 471
surgical techniques, 472–474

Core Assessment Program for Surgical Interventional 
Therapies in PD (CAPSIT-PD) guidelines, 252

Cortical-subcortical network activity, 105
Cortico-basal oscillatory signatures, 110
Cortico-cortical beta coherence, 107
Cortico-striato-thalamo-cortical (CSTC) loop  

model, 431, 432, 445
Cranial tracking algorithm, 38, 39
CranialCloud system, 133, 138
CranialVault system, 134
Current-controlled biphasic stimulation, 145
Custom microtargeting platforms, 6
CyberKnife (CK) technology

cranial tracking algorithm, 38, 39
image guidance quality assurance tests, 40
imaging frequency and clinical accuracy, 40
imaging system, 38, 39
spine tracking algorithm, 38, 40

D
Data normalization, 136, 137
Deep brain stimulation (DBS), 61, 71, 72, 111,  

296, 297, 468, 469
CM (see Centromedian nucleus (CM))
dystonia

frame stereotaxy and intraoperative testing, 312
frame-based approach, 313, 314
hardware-related complications, 316
medically-refractory dystonia, 311
MRI-guided approach, 314, 315
multidisciplinary team management, 312
post-operative complications, 315
pulse generator implantation, 315
stimulation side-effects, 316
team-based approach, 312

essential tremor
clinical evidence, 290
function and quality of life, 287
nuanced surgical methods, 289, 290
patient selection, 287, 288
stereotactic methods, 288
target selection, 288, 289

evidence and outcomes, 404
focal onset seizures, 402
lead insertion, 403–405
long-term seizure reductions, 405, 406
movement disorder

clinical response and side effects, 118
disease specific symptoms, 119
globus pallidus internus, 120, 121
neurological and psychiatric disorders, 118
standardized and methodical approach, 119
subthalamic nucleus, 119, 120
three systems, 118
tremor, 118
ventral intermediate nucleus, 119, 120

OCD (see Obsessive-compulsive disorder (OCD))
post-op care and complications, 405
pulse generator implantation, 403–405
rationale, 403
responder rates, 405, 406
Tourette syndrome, 122
TRD (see Treatment-resistant depression (TRD))

Deep brain stimulation (DBS), 105, 270
asleep patient with intraoperative imaging, 261, 262
cost effectiveness, 254
earlier implants, 253, 254
GPi “functional” target, 261
outcomes, 251, 252
patient selection for, 252, 253
stimulation programming, 262
STN “functional” target

circuit analysis, 260, 261
oscillatory activity, 259, 260
population neuronal discharge, 259, 260
single unit activity, 257–259

STN vs. GPi, 254–256
subcortical mapping using microelectrode  

recording, 256, 257
Deep tactile cells, 98
Deep transcranial magnetic brain  

stimulation (dTMS), 433
Depth electrode arrays, 147, 155
Deterministic tractography, 75, 76
Diabetic peripheral neuropathies, 177
Diagnostic and Statistical Manual of Mental Disorders, 

Fifth Edition (DSM 5), 415, 533
Diffusion anisotropy, 510
Diffusion basis spectral imaging (DBSI), 74
Diffusion kurtosis imaging (DKI), 74
Diffusion MRI acquisition, 73, 74
Diffusion spectral imaging (DSI), 74
Diffusion tensor DT model, 510, 511
Diffusion tensor imaging (DTI), 74, 75, 77, 150, 214, 

274, 288, 369, 501, 510
Diffusion tractography imaging, 422
Digitally reconstructed radiographs (DRR), 38–42
Dopaminergic deficiency, 271
Dorsal column stimulation, see Spinal cord  

stimulation (SCS)
Dorsal root ganglion neurons, 186
Dorsal root ganglion stimulation (DRGS), 468
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Dorsolateral prefrontal cortex (DLPFC), 416
Double-strand breaks, in DNA, 236
Dystonia

clinical assessment, 309, 310
clinical outcomes

DBS programming, 317, 318
focal dystonia/cervical dystonia, 317
primary generalized dystonia, 316, 317
secondary dystonia, 317
stimulation parameters, 317, 318

DBS
frame stereotaxy and intraoperative testing, 312
frame-based approach, 313–314
hardware-related complications, 316
medically-refractory dystonia, 311
MRI-guided approach, 314, 315
multidisciplinary team management, 312
post-operative complications, 315
pulse generator implantation, 315
stimulation side-effects, 316
team-based approach, 312

etiology of, 310
medical management

botulinum toxin, 311
pharmacological treatment, 311
physical and supportive therapy, 310

pallidotomy, 318, 319
peripheral denervation, 318
prevalence, 309
rating scales for, 310

E
EARLYSTIM trial, 253, 254
Echo-planar imaging (EPI), 74
Electrophysiological brain mechanisms, 132
Electrical nerve stimulation

burst stimulation, 189
high-frequency stimulation, 189
paresthesia-free stimulation, 189

Electroconvulsive therapy (ECT), 416
Electrocorticography (ECoG), 400, 401

adaptive brain stimulation, 110
movement disorders

beta oscillations in hypokinetic states, 106–108
hyperkinetic state, 108
narrowband gamma oscillations, 108
theta oscillations in dystonia, 109, 110

non-motor networks, 111
therapeutic stimulation location, 110

Electroencephalography (EEG), 389, 390
Electrographic seizure pattern (ESP), 151
Electromagnetic radiation, 234, 235
Electronic portal megavoltage (MV) imaging, 37
Electrophysiological features, 72
Elekta Gamma Knife, 45
Encryption, decryption and key management, 136
Engel Classification of Postoperative Outcome, 352
Epilepsy

eloquent cortex identification

functional MRI, 126
magneto-encephalography, 126
Wada test, 126

epileptogenic cortex identification
epilepsy monitoring unit, 125
magnetoencephalography, 125–126
MRI, 125
position emission tomography, 125
single-photon emission computed  

tomography, 125
phase II planning, 126, 127
resection, 127

Epilepsy monitoring unit (EMU), 125, 332
Epilepsy surgery

definition, 327
epileptogenic zone, 327, 328
SEEG method

disadvantage, 331
extensive and precise deep brain recordings, 331
frame-based implantation, 331–333
indications, 331
multi-phase and complex method, 331
refractory focal epilepsy, 330
robotic-based implantation, 333–335

subdural grid method
advantages, 328
depth electrodes, 330
disadvantages, 329
incision and craniotomy, 330
inter-hemispheric coverage, 330
intracranial electrodes, 328, 329
intraoperative ECoG, 329
variability, 329

Epileptic foci, 105
Epileptogenic cortex identification

epilepsy monitoring unit, 125
magnetoencephalography, 125–126
MRI, 125
position emission tomography, 125
single-photon emission computed  

tomography, 125
Epileptogenic zone (EZ), 327, 328
Essential tremor (ET), 529, 530

bilateral thalamotomy, 305
DBS

clinical evidence, 290
function and quality of life, 287
nuanced surgical methods, 289, 290
patient selection, 287, 288
stereotactic methods, 288
target selection, 288, 289

focused ultrasound
adverse events, 304
clinical evidence, 304
surgical method, 303, 304

patient selection, 297, 298
practice parameters, 297
radiofrequency ablation

adverse events, 301
clinical evidence, 300, 301
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surgical method, 300
stereotactic radiosurgery

adverse events, 303
clinical evidence, 302
surgical method, 301, 302

surgical lesioning
extrapyramidal lesioning, 296
pyramidal tract, 295, 296

surgical targets
PSA, 299
ventral intermediate nucleus, 298, 299

ExacTrac system, 41
Excessive neuronal synchronization, 108
Excitatory postsynaptic potentials (EPSPs), 207
Exposure and Response Prevention (ERP), 444
Extensive pneumocephalus, 28

F
Failed back surgery syndrome (FBSS),  

Postlaminectomy syndrome, see
Fast field echo (FFE), 356
Fast gray matter acquisition T1 inversion recovery 

(FGATIR), 24
Federal Information Security Management Act  

(FISMA), 131
Fluorodeoxyglucose F 18 (18F-FDG) PET, 341
Focal cortical dysplasia, 65, 125
Focal dystonia/cervical dystonia, 317
Focal motor seizures, 370, 379
Focused ultrasound (FUS), 290, 529, 530
Fornix and posterior commissure (FX-PC), 288
Fostering data sharing, 136
Frame vs. imaging-based coordinate systems
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STarFix system

advantages, 7
bilateral DBS platform, 5
bone anchors, 6
compatible planning software, 7
complete system, 5
electrode placement, 7
high-resolution MRI, 6
limitations, 7
microdrives and cannula systems, 7
registration points and trajectory fixture, 5
surgical planning, 6
targeting error, 7
workflow, 6, 7

traditional frames, 4–5
Frame-based stereotactic biopsies, 13, 14
Frameless registration module, 16
Frameless stereotaxy, 61
Free radicals, 235
Frontal lobe epilepsy, 371
Functional connectivity, 73
Functional MRI (fMRI), 66, 446, 513
Functional neuroimaging, 513

functional MRI, 66
PET imaging, 67

G
Gamma band (60–90 Hz) power, 100
Gamma Knife radiosurgery

collimator system, 243, 244
components, 239
dose heterogeneity, 239
dose limitations to critical structures, 242, 243
dose prescription, 242
dosimetry, 238
focus point, 238
isocenters, 239
older units, 239
Perfexion and Icon models, 240
stereotactic frame placement and imaging, 241, 242
stereotactic guiding device removal, 244
treatment planning, 242

Gamma Knife Perfexion (PFX) system, 45
Gamma Knife radiosurgery (GKRS), 296, 297, 450
Gamma Knife Ventral Capsulotomy (GVC), 450
Ganglionectomy, 269
Gate control theory, 188, 194
Gate theory of pain, 174
Gaussian diffusion displacements, 74
Gaussian diffusion profile, 75
General somatic afferent (GSA) fibers, 185
General visceral afferent (GVA) fibers, 186
Gliosis, 338
Globus pallidus (GPi), 107, 312
Globus pallidus externa (GPe), 24, 95
Globus pallidus interna (GPi), 24, 25, 94, 107, 120, 121, 

312–315
Gradient field inhomogeneity, 52
Graph theory analysis, 73
Greater and lesser occipital nerve stimulation, 192–194

H
Haemodynamic response (HDR), 73
Headache load (HAL), 486
Health Insurance Portability and Accountability Act 

(HIPAA), 131
Hexamethylpropylene-amine-oxime (HMPAO), 343
High angular resolution diffusion imaging  

(HARDI), 74, 75
High Definition Motion Management System  

(HDMM), 45
High frequency stimulation (HFS), 509
High-density stimulation, 175
High-frequency oscillations (HFOs), 151
High-frequency stimulation, 175, 189
High-intensity focused ultrasound

clinical applications, 228, 229
history and development, 226, 227
mechanism of action, 227, 228

Hippocampal sclerosis, 338
Hoehn and Yahr scale, 273
Hospital acquired depression scores (HAD-D), 488
Human Brain Project (HBP), 71
Human Connectome Project (HCP), 71
Humanitarian Device Exemption (HDE), 433
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Hybrid diffusion imaging (HYDI), 74
Hydroxyl radical, 235
Hyperkinetic state, 108
Hypometabolism, 125
Hypothalamic hamartomas (HH), 15, 224, 393
Hypothalamic-pituitary-adrenal (HPA) axis, 425
Hypothesized mechanisms, 151

I
Ictal onset pattern (IOP), 151
Ictal SPECT, 343, 344
Image guidance quality assurance tests, 40
Image registration (fusion) software, 28
Immature seizure-generating network, 155
Implantable pulse generator (IPG), 468, 484, 486
Implantation effect, 401
Inferior thalamic peduncle (ITP), 424, 425
Information-driven, evidence-based,  

and outcome-driven model, 131
Inhibitory postsynaptic potentials (IPSPs), 207
Initiative on Methods, Measurement, and Pain 

Assessment in Clinical Trials (IMMPACT) 
guidelines, 487

In-room and gantry mounted imaging technology
accuracy assessment, 42–43
ExacTrac system, 41
gantry-mounted cone-beam CT, 43–44
patient immobilization devices, 44

Insertion effects, 529
Integrated PFX icon system, 45
Intensity and pattern theory, 187
Intensity-modulated radiosurgery (IMRS), 245
International League Against Epilepsy (ILAE), 337
Intracerebroventricular (ICV) opioid, 466
Intracortical facilitation (ICF), 209
Intracranial depth electrode array, 147
Intracranial electrode study, 158, 159
Intracranial hemorrhage (ICH), 55
Invasive field potential recording, 105
Inverse planning technique, 245

L
Laser interstitial thermal therapy (LITT), 15, 64, 318, 

354, 391, 478–480
clinical applications, 226
history and development, 224, 225
mechanism of action, 225, 226

Lateral Habenula (LHb), 425
Lateral hypothalamic (LH), 501
Lateral pyramidal tractotomy, 269
Lateral temporal neocortex, 340, 344, 345, 348, 353
Lead polarity, 164
Leksell gamma knife technology

clinical results, 46
new icon fractionated treatment system, 45–46
quality assurance, 46

Leksell’s arc-radius stereotactic frame system, 59
Leksell’s posteroventral RFA pallidotomy, 221

Lennox-Gastaut syndrome (LGS), 406, 407
Lesionectomy, 368
Levodopa, 270, 272, 273, 279, 281
Limbic leukotomy, 531
LINAC-based radiosurgery

conformality in LINAC machine, 245, 246
dosimetry, 244
frameless radiosurgery and spine, 246
in radiosurgery

arcs, 240
MR LINACs, 240, 241
techniques, 240

target immobilization, 244
target volume, 245

Line length detectors, 163
Linear-quadratic model, 236
Local field potentials (LFP), 91, 259–262, 438

adaptive brain stimulation, 110
cortico-basal oscillatory signatures, 110
effective DBS electrode, 110
M1-STN hyperdirect pathway, 110
movement disorders

beta oscillations in hypokinetic  
states, 106–108

hyperkinetic state, 108
narrowband gamma oscillations, 108
theta-alpha oscillations in tremor, 109
theta oscillations in dystonia, 109, 110

non-motor networks, 111
sensorimotor STN, 110
therapeutic stimulation location, 110

Long interval cortical inhibition (LICI), 210
Low-voltage fast activity (LVFA) pattern, 151

M
Machine-learning classifier, 513
Macrostimulation, 94
Magnetic resonance (MR) thermometry, 226
Magnetic resonance imaging (MRI)

anatomical targeting
anterior nucleus of thalamus, 26
brain shift, 26, 28
fusion algorithm, 28, 29
globus pallidus interna, 24, 25
network-based and connectomic target  

definition, 24
nontraditional sequences, 24
proton density, 24, 25, 27
subthalamic nucleus, 24
testing/electrophysiological mapping, 24
ventral intermediate nucleus, 25

introperative MRI
DBS surgery workflow, 32
implications, 33, 34
quantitative analysis, 32
stereotactic accuracy, 33

Magnetoencephalography (MEG), 125, 126
Major depressive disorder (MDD)
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DSM 5, 415
identification and treatment of, 415
neurostimulation, 501
oral antidepressants, 415
TRD, 416

Mammillothalamic tract (MTT), 26, 27, 403, 404
Mechanical based surface registration, 13
Meckel’s cave, 356
Medial forebrain bundle (MFB)

clinical studies, 424
rationale, 424

Medication refractory complex partial epilepsy, 147
Medtronic O-arm, 29, 30
Meige syndrome, 317
Mesial temporal lobe epilepsy (MTLE), 221

anterior temporal lobectomy, 345, 347
neocortical incisions, 347
skin incision and craniotomy, 346

ATL (see Anterior temporal lobectomy (ATL))
epilepsy diagnosis, 341
epileptogenic lesion identification, 341
hippocampal sclerosis, 338
hippocampus removal, 350
isolated mesial temporal seizures, 340
lateral temporal onset seizures, 340
mesial temporal structure, 339, 349
right mesial temporal sclerosis, 338
seizure onset zone

fluorodeoxyglucose F 18 PET, 341, 343
ictal SPECT, 343
identification, 342
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monitoring, 344, 345
magnetoencephalography, 343
neuropsychological evaluation, 343, 344
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temporopolar seizures, 340

Mesial temporal sclerosis (MTS), 338, 344, 353
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deep tactile cells, 98
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LFP applications, 99, 100
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multiunit activity, 93
Nyquist’s theorem, 93
physical principles, 91–93
in practice, 93–95
single-neuron activity, 91
tactile neurons, 98

targeting GPi, 95
targeting STN, 96, 97

Microelectrode recordings (MER), 55, 134,  
256, 257

Microstimulation, 94
Microtargeting platforms (MTP), 5
Midbrain pedunculotomy, 269
MINERVA system, 12
Mini-frame systems, 8
Minimal immobilization system, 44
M1-STN hyperdirect pathway, 110
Monopolar test stimulation, 124
Motor and sensorial brain functions, 136
Motor cortectomy, 269
Motor cortex stimulation (MCS), 469
Movement disorder, 499, 500

deep brain stimulation
clinical response and side effects, 118
disease specific symptoms, 119
globus pallidus internus, 120, 121
neurological and psychiatric  

disorders, 118
standardized and methodical  

approach, 119
subthalamic nucleus, 119, 120
three systems, 118
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applications
structural and functional neurosurgery, 76
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dopamine effects, 73
graph theory analysis, 73
mechanism of action, 73
multiple statistical modeling techniques, 73
outcome prediction, 73
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approach, 73
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Myelotomy
complications, 477
intractable visceral pain, 475
midline atlanto-occipital membrane, 475
surgical techniques

open punctate myelotomy, 475, 476
percutaneous mechanical myelotomy, 476, 477
percutaneous radiofrequency  

myelotomy, 476, 477

N
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temporal (see Temporal neocortical epilepsy)
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stimulation parameters, 512–515

Network hypersynchrony, 150
Network theory, 150
Neural networks, 106
Neural signatures, 503
NeuroBlate laser ablation system, 354
Neurodegenerative diseases, 132
Neuroimaging techniques, 416
Neuromate robotic system (Renishaw), 15, 16
Neuromodulation, 132, 133
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ablation procedures, 526
ADvance trial, 530
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circuit-level disease mechanisms, 532
degrees of freedom, 531, 532
disease manifestations, 531
epilepsy surgery, 531
stimulation effect, 531
target structure/pathway, 531
white matter, 532

animal models, 501, 502
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challenges to innovation, 502
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DBS, 468, 469
ICV opioid, 466
intrathecal opioid pumps, 465, 466
MCS, 469
PNS, 468
SCS, 466–468

clinical efficacy, 522
clinical trials, 522–525
clinically-relevant decisions, 530
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feasibility study, 522
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FUS, 529, 530
indications, 499
manipulations, 525, 526
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neuroanatomical pathway, 526
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post-protocol patient pare, 534, 535
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strategies, 499, 530
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symptomatic benefit, 530
therapeutic model, 526–528
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Neuronal spiking activity, 106
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Obsessive-compulsive disorder (OCD),  

121–122, 500, 501
adjustments, 436
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candidacy for, 434
capsulotomy, 449, 450
CBT, 432
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dysregulation, 432
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inclusion criteria, 434
LFP activity, 438
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biological mechanism(s), 447
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non-surgical interventions, 444
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surgical interventions, 444
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procedure, 434–436
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surgical outcomes, 451, 452
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Perfexion and Icon Gamma Knife models, 239
Perfexion Icon™ system, 46
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Peripheral nerve field stimulation (PNFS), 194
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brain correlates, 195
for epilepsy and depression, 196–197
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somatosensory system, 185, 186
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