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Abstract

Deep brain stimulation (DBS) is a surgical procedure that directs chronic, high frequency electrical stimulation to specific targets in the brain
through implanted electrodes. Deep brain stimulation was first implemented as a therapeutic modality by Benabid et al. in the late 1980s, when
he used this technique to stimulate the ventral intermediate nucleus of the thalamus for the treatment of tremor 1. Currently, the procedure
is used to treat patients who fail to respond adequately to medical management for diseases such as Parkinson's, dystonia, and essential
tremor. The efficacy of this procedure for the treatment of Parkinson's disease has been demonstrated in well-powered, randomized controlled
trials 2. Presently, the U.S. Food and Drug Administration has approved DBS as a treatment for patients with medically refractory essential
tremor, Parkinson's disease, and dystonia. Additionally, DBS is currently being evaluated for the treatment of other psychiatric and neurological
disorders, such as obsessive compulsive disorder, major depressive disorder, and epilepsy.

DBS has not only been shown to help people by improving their quality of life, it also provides researchers with the unique opportunity to study
and understand the human brain. Microelectrode recordings are routinely performed during DBS surgery in order to enhance the precision
of anatomical targeting. Firing patterns of individual neurons can therefore be recorded while the subject performs a behavioral task. Early
studies using these data focused on descriptive aspects, including firing and burst rates, and frequency modulation 3. More recent studies have
focused on cognitive aspects of behavior in relation to neuronal activity 4,5. This article will provide a description of the intra-operative methods
used to perform behavioral tasks and record neuronal data with awake patients during DBS cases. Our exposition of the process of acquiring
electrophysiological data will illuminate the current scope and limitations of intra-operative human experiments.

Video Link

The video component of this article can be found at http://www.jove.com/video/2156/

Protocol

1. Subject Recruitment and Consent

1. Following clinical evaluation and consent for subthalamic nucleus (STN) deep brain stimulation (DBS) for refractory Parkinson Disease, each
patient's information is reviewed in order to determine if he/she meets the criteria for the intra-operative study (Defined in an Institutional
Review Board approved protocol at the Massachusetts General Hospital).

2. If it is determined that the subject meets the study criteria, a physician member of the study group (not the operating surgeon) approaches the
patient to discuss the possibility of participation in the study.

3. The consent form for participating in the study is then reviewed and explained to the subject. Importantly, the explanation of the study
stresses that participation in the study is voluntary and that at any point he/she has the option to withdraw from participation. Moreover, it is
then emphasized that their discussion to participate or to withdraw in the study has no impact on the medical care he/she will receive.

4. If it is determined that the subject understands and agrees to participate in the study, he/she signs the approved informed consent and is
enrolled in the study.

2. Behavioral Training and Rig Setup

1. As a part of DBS surgery for Parkinson Disease, subjects are admitted to the hospital one day prior to surgery. Hence, this offers an
opportunity to train the subject on the behavioral task. This training is essential as it provides a time period during which the subject can learn
to perform the task and develop comfort with its rules, removing "learning effects" confounds (Refer to discussion).
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2. A portable behavioral rig is brought to the subject's hospital room on the night prior to surgery.
3. This rig is equipped with the exact same behavioral task which the subject is required to perform on the day of the intra-operative study.

1. In this example, the subject is asked to play a card game similar to the game of "war". In this game, the subject is required to bet (either
$20 or $5) as to whether his or her card is higher than that of the computer. The intent of this task is to assay the role of reward and risk
on neuronal encoding in the STN. In order to incentivize the subject they are told that they will be paid a proportion of their winnings.

2. As a means of reducing the potential combinations (and resulting confounds), only even-numbered cards of a single suit are used (e.g.
2, 4, 6, 8, and 10 of spades). As such, the potential outcomes and expectations of the task can be easily computed and analyzed.

3. In each trial, the subject first sees a screen depicting their randomly dealt card, and the back of the unknown computer's card. The
screen then shows the two wager options, $5 and $20. Based on the relative strength of his/her card, the subject indicates the wager
with a button push, after which the screen shows his/her card and the revealed computer's card. The final screen explicitly depicts the
amount won or lost.

4. The subject is allowed to play the game until they fully understand the rules of the game and perform at a comfortable level.

3. Intra-operative - Experimental Setup

1. Once the subject has been positioned on the surgical table, the rig containing the behavioral, data acquisition and signal processing
equipment is brought into the operating room. Rig positioning must take into consideration normal work flow and sterility issues related to the
operating room setting.

2. As components of these rigs are assembled and disassembled for each recording session, it is vital to check all equipment connections.
Therefore, as each component is connected to the data acquisition system, one must check the integrity of the data. These procedures
should be done early in the surgery to prevent having to troubleshoot these issues during the critical recording time.

1. First, boot the acquisition and the signal processing equipment. Connect the outputs of the signal processing rig to the inputs of the
acquisition rig. In the case of this study, we will be acquiring three extra-cellular action potential channels corresponding to three para-
sagittally oriented electrodes that will be advanced into the subject's brain during the surgery. Turn on the amplifiers one at a time to
ensure that the acquisition system is acquiring the signals.

2. Secure the monitor to the OR table in comfortable viewing position using an appropriate adapter.
3. If an input device (joystick, button box, keypad, etc.) is employed, position this device, paying attention to laterality relative to the side of

the brain from which recordings will be obtained. Ensure that the subject's hand is comfortably positioned to operate the input device.
Consider asking the anesthesiologist to secure the pulse oxygenation monitor on the other hand to ensure proper operation of the
device. In this task we use a button box.

4. Boot the behavioral system and ensure that behavioral event markers are being captured by the acquisition rig.
5. Start the behavioral task and allow the subject to play a few trials of the task. During this time, ensure that the acquisition system is

capturing the button box inputs and the behavioral markers generated by the behavioral rig.
6. If all the connections are functional, stop the behavioral task and acquisition rig.

4. Isolation of Subthalamic Nucleus Neurons

1. The objectives of the surgery are to place chronic DBS leads into the motor region of the STN. This placement is achieved through a
combination of stereotactic imaging and neuophysiological recordings.

2. Details of the stereotactic planning and the surgical procedure itself will of course vary across institutions, but the general process is similar.
At our institution, a Cosman-Roberts-Wells stereotactic frame and fiducial cage is applied and a head CT scan obtained. The CT with
fiducials is merged with a previously obtained volumetric brain MRI on a neuro-navigation system (StealthStation, Medtronics, Minneapolis,
MN; or BrainLab VectorVision, Feldkirchen, Germany). The coordinates of the target brain region (STN in this case) are converted to frame-
based coordinates. In the operating room, the patient is positioned comfortably in a semi-reclined position, and prepped and draped using
standard surgical technique. The coordinates of the left STN are programmed into the frame, which is positioned on the patient. The skin is
incised and retracted. Burr holes are placed, and a small dural opening created. Cannulae attached to a microdrive are brought into position
and advanced until the tip of the cannulae are 25 mm above target.

3. Once the cannulae are advanced into the brain, the internal stylets are removed and replaced with high-impedance (0.3 - 1 mega-Ohm)
microelectrodes (FHC, Bowdoin, ME). The signal processing rig's pre-amplifiers are connected to each electrode and the differential
reference channel is connected to the outer cannula.

4. On the signal-processing rig the amplifiers are turned on and the extra-cellular signal is assessed. In addition, the impedance for each
electrode is checked before advancing further into the brain.

5. The surgeon advances the electrodes slowly ( 0.05-0.4 mm steps) into the brain. The electrodes are advanced starting 25mm from the
calculated target towards the STN. This trajectory results in the electrode passing through the caudate nucleus, the thalamus, the zona
inserta, and finally into the STN.

6. Once the electrodes have entered the STN, the physiologist manipulates the patient's contralateral limbs as a means of establishing whether
the neuronal signal is motor responsive. When the surgeon and experimenter are satisfied with the electrodes' position, the behavioral task
can be started.

5. Data Acquisition

1. Before starting the behavioral task, it is important to document the depth of the microelectrodes and the motor responsiveness of the isolated
neuron(s).

2. The subject is then instructed that the task will begin. Ensure that the button box is still comfortably positioned and that the monitor
completely visible.

3. Start the data acquisition and acquire baseline activity for at least 1 minute prior to starting the behavioral task.
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4. As the subject performs the task it is important to monitor the captured data. With any disruption in the acquisition, the task should be stopped
and the problem rectified.

5. In the current study, the subject is asked to perform 120 trials for each STN depth.
6. The tasks can be performed multiple times for each depth in the STN; however, there are limitations to the duration of these intra-operative

studies (described further in the discussion). We limit experimental recording time to 30 minutes to prevent patient discomfort and undue
prolongation of surgery. Moreover, the subject has the opportunity to reject further recordings at any time, in which case the behavioral task is
stopped and surgery resumes.

7. Once the study is completed, the data is backed up and archived for subsequent analysis.

6. Data Analysis

1. First, the neuronal signals are discriminated into individual spike timestamps using commercially available software.
2. The behavioral task codes are then parsed, and the neuronal activity timestamps are aligned using code scripted in Matlab.

Representative Results:

Figure 1 depicts representative results from a single STN neuron recorded during the War game described above. The top panels depict rasters
centered on four behaviorally relevant epochs in the task: the fixation period prior to each trial, presentation of the subject's card, the button
press indicating the subject's wager, and presentation of the computer's card. The bottom panels represent binned (50 ms bins) peri-stimulus
time histograms (PSTHs). This neuron does not respond robustly to presentation of the subject's card, but increases its firing significantly around
the button push. This activity lasts until the computer's card is revealed, at which point firing decreases to baseline levels.

 
Figure 1. Representative STN neuron. Rasters (top panels) and peri-stimulus time histograms (PSTHs) centered on behaviorally relevant
epochs are depicted for a representative single STN neuron. This neuron's firing increases significantly around the time of the button push
indicating the subject's wager.

Discussion

Deep Brain Stimulation surgery offers a valuable opportunity to examine the activity of individual neurons in the human brain. To date this
opportunity has permitted numerous descriptive studies that characterize the activities of different deep nuclei. More recently, intra-operative
tasks have become more sophisticated in order to address various aspects of behavior and cognition. The intent of the current protocol is to
provide a guide for implementing successful intra-operative behavioral tasks. The goals of the task and the purpose of the study will of course
vary depending on the nucleus targeted for surgery. Given the increasing number of applications for DBS surgery and correspondingly increasing
variety of targets, we expect burgeoning opportunities for studying human brain function at the level of individual neurons.

There are a number of factors and critical steps that need to be considered when implementing an intra-operative study. Foremost, there are
considerable time limitations to these studies, which results in a limited number of behavioral trials that can be gathered for each subject.
Hence, when designing a task, one should thoughtfully limit the number of conditions in the task to ensure sufficient statistical power to
see an effect. There are a number of ways to overcome this limitation. One could try to reduce the number of trial condition permutations,
simplify the complexity of trial sequences, and/or simply gather more data. A second substantial limitation to these studies is the quality of the
neurophysiological data. Because single-unit isolation is done in the operating room setting and not the laboratory, stable high signal-to-noise
ratio recordings are difficult to achieve. If the quality of the neuronal signal decreases early in a behavioral session, it is recommended that one
stop the task and isolate new neurons. One final, critical step is allowing the patient sufficient time to master the behavioral task. If this step is
overlooked, the data gathered will most likely be confounded by learning effects. Therefore, utilize the pre-operative period to ensure that the
subject is trained and fully understands the task.

Intra-operative studies provide a truly unique opportunity to understand the human brain and pathology. However, these experiments occur in
the dynamic conditions of an operating room and are therefore subject to complications not typically seen in the well controlled environment of a
research laboratory.
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